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Preface 

The threat of impending food shortages at a time when population is 
increasing at an alarming rate emphasizes the importance of tropical crops to the 
health and economy of people within the developing tropical countries and 
elsewhere. Improving the productive potential of tropical crops on a sustained 
basis will depend on increased understanding of tropical climates and soils and 
the way in which environmental and cultural factors affect plant growth through 
the intermediation of physiological processes. These considerations, as well as a 
rapidly expanding body of research results, prompted our bringing together in a 
single volume the current state of knowledge and opinion on ecophysiology of 
the major tropical crop plants. 

The opening chapter reviews fundamental ideas about numerical description 
of plant development and considers effects of climatic factors (e.g., temperature, 
light, and water) on physiological processes in plants. The second chapter 
presents an overview of physical and chemical characteristics of tropical soils. 
Separate chapters then follow on ecophysiology of the major crop plants, 
particularly those suitable for the wet tropics, including rice, sugarcane, pine-
apple, grasslands, root crops, sweet potato, coffee, cacao, rubber, banana, tea, oil 
palm, coconut palm, citrus, cashew, and mango. 

The book is both authoritative and interdisciplinary. It should be useful to 
students and researchers, as well as those interested in production of tropical 
crops. The subject matter will be of interest to plant ecologists, plant physiolo-
gists, biochemists, horticulturists, agronomists, meteorologists, soil scientists, 
food technologists, and plant breeders. 

xiii 



xiv Preface 

This volume is based to a large extent on material presented at an Interna-
tional Symposium on Ecophysiology of Tropical Crops held in Manaus, Brazil in 
May, 1975. Invitations were extended to leading investigators concerned with 
growth and ecological requirements of tropical crops. Their contributions reflect 
many years of experience with tropical crops in Africa, Southeast Asia, Latin 
America, and the Caribbean Islands. 

We thank the following organizations in Brazil for generous financial support 
and facilities for the Symposium: National Council for Scientific and Techno-
logical Development (CNPq.), Superintendency of the Free Zone of Manaus 
(SUFRAMA), the Executive Committee of the Plan for Cacao Production 
(CEPLAC), and the Inter-American Institute of Agricultural Sciences (IAIAS). 

We also thank each author for his contribution, patience, and cooperation 
during the production phases. The senior editor expresses his deep gratitude to 
the following who assisted in organizing the Manaus Symposium: Luiz Carlos 
Cruz (CEPLAC), W. Martin Aitken (CEPLAC), Antonio Dantes Machado 
(CNPq.), and Marcilio Junqueira (SUFRAMA). Mr. T. L. Noland and Mr. R. J. 
Norby assisted with the preparation of the subject index. 

Paulo de T. Alvim 
T. T. Kozlowski 
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I. INTRODUCTION 

How does the climate of a region determine what crop species will thrive? To 
what extent are yields determined by sequences of weather from month to 
month and from year to year? These are formidable questions, but they are 
central to agricultural meteorology; they have been attacked from many differ-
ent directions; and they are still largely unanswered. 

1 



2 J. L. Monteith 

As we are concerned with environmental physiology of tropical crops, the 
effects of climate must be discussed with reference to specific physiological 
processes. The first section of this chapter is therefore concerned with some 
fundamental but simple points about the numerical description of plant develop-
ment; subsequent sections will consider the effects of temperature, light, and 
water supply on growth and yield. By adopting this treatment, I have tried to 
avoid three major pitfalls of conventional crop ecology: (1) statistical treatments 
of crop-weather relations, which lack generality and usually conceal an igno-
rance of mechanisms; (2) conventional growth analysis in terms of net assimila-
tion rates and relative growth rates, valid for single, isolated plants, but not for 
plant communities in which leaves are competing for light; and (3) complex 
dynamic models of crop growth, which are becoming so bulky and unwieldy 
that they may suffer the fate of the dinosaurs. 

II. SPECIFICATION OF DEVELOPMENT 

In mathematical terms, plants consist of an assembly of discrete units each of 
which has measurable attributes such as number, size, and weight. If the 
development of a plant is defined as the outcome of processes of differentiation 
and growth (Wareing and Phillips, 1970), the rate of differentiation can be 
expressed by an increase in primordial numbers, whereas the growth of an organ 
is expressed and measured by an increase in its size or weight. Cell division and 
expansion provide a basic example of the distinction between numbers and size, 
but it is applicable to any higher level of organization — to numbers of leaf 
primordia or florets, to lengths of stems, areas of leaves, or weights of tubers. 

The physical dimensions of differentiation are number per unit time ( Γ "
1
 ), 

whereas the rate of growth of a single organ or a single plant will have 
dimensions of L

n
 T~

l
 (where η = 1, 2, or 3 for length, area, or volume, 

respectively) or MT'
1
 (for weight). It is often more logical to express the growth 

rate of a crop on a field-area basis rather than on a plant basis in which case the 
area of foliage becomes a dimensionless leaf area index (LLT

1
 = L°) and the 

dimensions of leaf expansion become L° T'
1
. 

Weather—indeed, environmental factors generally—can determine the time at 
which a specific developmental process begins, the subsequent rate of develop-
ment, and the time when the process stops. The study of developmental timing 
in relation to the calendar, otherwise known as phenology, is returning to 
fashion after many years of neglect (Lieth, 1974). 

For the past 30 years, crop ecologists have been more concerned with 
measuring rates, particularly changes of weight per unit time related to transpira-
tion and photosynthesis (see the volumes edited by Monteith, 1975a, 1976). 
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Changes in size (e.g., leaf areas) per unit time have usually been measured over 
periods which are too long to reveal the sensitivity of rates of expansion to 
temperature changes or water stress. If auxanometers had been developed as fast 
as infrared gas analyzers, crop ecology might now be in a much more balanced 
state. 

Progress in the study of crop-Aveather relationships needs a much closer 
integration of phenological and physiological studies. We need to ask "when?" as 
well as "how fast?" Answers to both questions will emerge from studies of crop 
development in which numbers, sizes, and weights are measured as functions of 
time and environmental variables. 

III. TEMPERATURE 

A. Physical Aspects 

Close to sea level, the mean monthly air temperature at most stations in the 
tropics is between 20° and 30°C in every month of the year; the decrease of 
temperature attributable to altitude is about 0.6°C per 100 m in the lowest 1.5 
km (Lockwood, 1974). In some parts of the hot, wet region close to the 
equator, the annual range of monthly air temperature is only ±1°C and even in 
savanna regions, the difference in mean temperature between "cool" and "hot" 
months is rarely more than 7°C. 

Mean temperatures recorded from day to day fluctuate around the monthly 
mean in response to changes in the synoptic pattern of weather, but these 
changes are usually less frequent and less abrupt in the tropics than in temperate 
latitudes. In terms of plant growth, the diurnal temperature cycle at many 
tropical stations is more important than either the regular seasonal cycle or the 
random effects of weather. For example, the mean daily temperature range at 
Manaus is ±3.2°C in April and ±4.7°C in September but the annual range of 
monthly mean temperatures is only ±1.2°C (Lamb, 1972). Whatever the cause, 
extremes of temperature occurring for a period of several days or even a few 
hours may severely reduce the growth of annual crops or even destroy perennial 
species such as coffee if grown in regions subject to occasional frost. 

Even more important for plant processes are the effects of microclimate. Lai 
(1974) reported that growth of young maize plants is inhibited when the soil 
surface temperature exceeds 35°C, a condition not uncommon in the tropics, 
particularly when the soil surface is dry. Alvim found that the temperature of 
coffee leaves sometimes exceeded air temperature by 20°C (Chapter 9) and 
Franco reported that in Brazil, young coffee trees were exposed to damaging soil 
temperatures above 50°C (Chapter 9). Fruit and leaf temperature of pineapple 
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may also exceed 50°C (Chapter 5). When tissue temperatures are likely to 
exceed the optimum value for any metabolic process, it is essential to take 
account of the microclimate of vegetation as well as the temperature regime at 
screen height. 

In principle, the temperature of an organ exposed to sunlight can be esti-
mated from its complete heat balance (see, e.g., Monteith, 1975b; Gates and 
Papian, 1971), but in practice, the rate at which heat is lost by evaporation of 
water is seldom known a priori. At best it is possible to calculate how the 
temperature of a leaf in a defined environment depends on the diffusion 
resistance of stomata; but even in this simple case, there is considerable uncer-
tainty about the choice of an appropriate heat transfer coefficient (Clark and 
Wigley, 1975). 

B. Physiological Aspects 

Between the extremes of heat and cold which can damage tissue reversibly or 
irreversibly, most plant processes are strongly dependent on temperature over a 
range of 20° to 25°C. According to most plant physiology textbooks, rates of 
differentiation and growth are expected to obey the Arrhenius relation, i.e., to 
increase logarithmically with temperature. In a form of analysis which is consis-
tent with this expectation, the dependence of a rate on temperature is often 
expressed as a Qi0— the increase in rate when temperature rises by 10°C. For 
many plant processes Ql0 appears to be between 2 and 3 when the mean 
temperature of the experimental range is between 15° and 25°C. Close inspec-
tion of a large number of results, however, reveals that QA0 nearly always 
decreases with increasing temperature (James, 1953) and that the relation 
between development rate and temperature is often linear rather than logarith-
mic. A significant departure from linearity is sometimes observed when the 
development rate is less than 20% of the maximum rate observed at the 
optimum temperature; above this optimum the rate decreases rapidly with 
increasing temperature. Blacklow's measurements on maize (Fig. 1) are charac-
teristic of the response to temperature shown by many other species and 
processes. The relation between germination rate and soil temperature appears to 
be particularly linear (Hegarty, 1973; Bierhuizen and Wagenvoort, 1974); several 
other examples of linear temperature relations can be found in this volume, e.g., 
growth of rice seedlings (Chapter 3) and the extension of oil palm leaves (Chap-
ter 13). 

The difference between the lowest temperature at which the rate of develop-
ment is perceptible and the temperature at which it reaches a well-defined 
maximum is between 20° and 25°C for many processes both in temperate and 
tropical species. But, whereas most temperate plants grow between 5° and 30°C, 
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' • ' 
10 20 30 4 0 

Temperature (°C) 

Fig. 1 . Rate of extension of radicle and shoot of young maize plants as a 
function of growth at room temperature (after Blacklow, 1972). 

the range for tropical species is often from 10° to 35° or 15° to 40°C. Examples 
will be found in later chapters on grasses and legumes, rice, sugarcane, pineapple, 
sweet potatoes, etc. 

Although a simple linear relationship often fits rates of differentiation or 
growth which depend on cell division or expansion, the dependence of metabolic 
rates on temperature is usually more complex. In particular, the rate of photo-
synthesis of many C 3 plants reaches a maximum between 20° and 30°C and is 
almost independent of temperature over a range of 15° to 20°C. In contrast, 
photosynthesis in C 4 plants increases rapidly with leaf temperature up to a 
maximum rate between 30° and 40°C, and then at higher temperatures decreases 
rapidly (Fig. 2). The behavior of carboxylating enzymes provides one clue to this 
difference (Treharne and Cooper, 1969), but it is likely that the effect of 
temperature on stomatal opening is also involved. The temperature dependence 
of stomatal aperture is referred to in several other contributions (e.g., Chapters 
5, 9, and 12). Bjorkman (1975) has emphasized the complexity of the relation be-
tween the rate of photosynthesis and temperature, and has drawn attention to 
the important role which membrane function may play in this context. 

The dependence of respiration rate on temperature is usually assumed to have 
a Qio of between 2 and 3 (James, 1953), but recent measurements by Ryle et 
al (1976) suggest that the relation between respired C 0 2 and temperature must 
depend on (1) the relative contribution from different metabolic processes and 
(2) the period over which respiration is measured. 
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' I 1 L . 
10 2 0 3 0 4 0 50 6 0 

Temperature (°C) 

Fig. 2. Net rate of photosynthesis as a function of leaf temperature for 
two tropical pasture species: C 4 grass (Hamil grass, Panicum maximum) and 
C 3 legume (Calopo, Calopogonium mucunoides) (after Ludlow and Wilson, 
1971). 

Many other aspects of growth and differentiation proceed at rates which are 
strongly temperature dependent; reviews by Bierhuizen (1973) and Landsberg 
(1975) provide access to a large number of recent papers on this topic. 

C. Day-Degrees 

The existence of a linear relation between rate processes and temperature is 
an essential empirical basis for the use of day-degrees. Many crop ecologists seem 
to overlook the awkward incompatibility of day-degrees and the expression of 
temperature dependence by a ß 1 0 or an activation energy. Lowry (1969) 
provides a good example of the confusion in the literature. 

Suppose that the stage of development of a plant can be represented by a 
quantity X, which may be either a number related to a process of differentiation 
or a quantity, such as size or weight, related to growth. Then, the rate of 
development can be expressed as X and within the range where the rate is a 
linear function of temperature above a base of T0 

X = A(T-T0) 
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where A is a constant. Integration over a time interval τ then gives 

X = A j f
T
 (T-T0)dt = A(T-T0)T 

or 

XIT = A(T-T0) 

where Tis the mean temperature over r. 
If the mean rate of development Χ/τ is plotted against temperature as in Fig. 

3, T0 can be found from the intercept with the temperature axis and A from the 
slope. The quantity X/A is the number of day-degrees required to reach the 
stage of development specified by X. 

As a special case of this analysis one specific phase of development, such as 
germination, can be represented by X = 1 so that the day-degree requirement for 
the phase is simply I/A. (When X= 1, the quantity r, e.g., a time to germination, 
is often plotted against Τ to give a hyperbola from which it is impossible to 
extract either the base temperature or the day-degree requirement.) 

As a relevant example of the utility of the day-degree concept, Alvim 
(Chapter 10) gives the mean number of days between the first setting of cacao 
pods and harvesting as 

l/N= 1/τ = ( Γ - 9 ) / 2 5 0 0 

Mean temperature (T) 

Fig. 3 . Hypothetical relation between mean rate of development Χ/τ and 
temperature. 

7 
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In this case X = 1 and I/A = 2500 day-degrees measured above a base 
temperature of 9°C. 

In the preceding analysis, it was assumed implicitly that r, a duration of 
development, was independent of temperature. Below an optimum, however, 
increasing temperature may shorten the duration of a specific phase of develop-
ment as well as increasing the rate of growth or differentiation during that phase. 
It follows that the maximum number of organs differentiated or the maximum 
size achieved by a set of organs may either increase or decrease with increasing 
temperature, depending on whether it is the duration or the rate of growth 
which is most sensitive to temperature. 

If the dependence of τ on temperature is assumed to obey the relation 

l / r = £ ( f - 7 \ ) 

where T\ is a second base temperature and Β is a constant, then 

X=(A/B)(T-To)KT- T,) 

It can be shown by differentiating this expression with respect to Τ that X will 
increase with temperature when T0 > Τγ and vice versa (irrespective of the 
day-degree requirements defined by A and B). When T0 = T\, X will be 
independent of temperature. For example, when maximum leaf size is found to 
be independent of temperature, the base temperature for rate of expansion and 
for duration of expansion should be identical. On the other hand, Yoshida shows 
that the number of spikelets initiated on rice decreases with increasing tempera-
ture (Chapter 3) suggesting that the base temperature for the duration of 
initiation may be higher than for the rate of initiation. 

The relation between development and day-degrees breaks down when tem-
perature exceeds the optimum value for the process for a substantial part of the 
period over which it is integrated. 

IV. LIGHT 

A. Physical Aspects 

Λ Quantity 

The annual income of solar radiation in the tropics ranges from about 8 
G J / m

2
* on the margins of the subtropical deserts to about 5 GJ/m

2
 in wet 

equatorial regions. At most stations, the annual range in daily insolation, like the 
daily temperature amplitude, is much smaller than in temperate latitudes. For 
example, at Samaru, North Nigeria (11°N), the average income per day ranges 

*1 GJ/m
2
 = 10

9
 J /m

2
 = 23.9 kcal/cm

2
. 
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from a minimum of about 17 MJ/m
2
 in September to a maximum of about 24 

MJ/m
2
 in March. The mean diurnal variation of solar energy in the tropics, as in 

temperature regions, can be represented by a sine wave (Gloyne, 1972) and the 
maximum irradiance recorded under cloudless skies at noon is about 1.1 
kW/m

2
.* 

2. Quality 

In clean air, the fraction of solar energy in the photosynthetically useful 
waveband from 0.4 to 0.7 μχη is usually close to 0.50 of the energy in the total 
solar spectrum (Unsworth and Monteith, 1972; Szeicz, 1974); it is probably safe 
to adopt this convenient round number throughout the tropics. The figure of 
0.50 represents a weighted mean between the fraction for the direct solar beam 
(ca. 0.40 to 0.50) and diffuse blue skylight (0.60 to 0.70). Spectral balance is 
little affected by cloud (Szeicz, 1974). 

Within the visible spectrum, the rate of photosynthesis of crop plants depends 
on the quantum flux density rather than the energy flux density (McCree, 
1972), but the mean number of quanta per unit of solar energy is approximately 
constant. McCartney (1975) obtained measurements close to 4.60 microeinsteins 
(μΕ)1" per joule of PAR and showed that almost the same figure was valid within 
crop canopies even though the spectral distribution of radiant energy was 
modified by scattering and absorption. It follows that quantum flux density in 
μΕ m"

2
 s"

1
 can be found by multiplying the irradiance of PAR in W/m

2
 by 4.6. 

3. Duration 

Daylength, defined as the time from sunrise to sunset, is just over 12 hours 
throughout the year at the equator and ranges from 10.6 to 13.7 hours at 
latitude 25°. Although the range is much smaller than at higher latitudes, the 
timing of development in many tropical crops is determined by changes in 
daylength and several examples can be found in this volume, e.g., the flowering 
of grasses (Chapter 6) and the formation of tubers (Chapter 7). In some 
species, changes in daylength operate as on-off switches and determine when or 
whether a new phase of development will start. In other species, the photope-
riodic mechanism acts as a proportional controller which can induce a graduated 
or "quantitative" response. 

The phenomenon of phot ope riodism has been reviewed extensively by 
Vince-Prue (1975) and succinctly, with special reference to tropical crops, by 
Williams and Joseph (1970). 

*1 kW/m
2
 = 1.43 cal cm"

2
 min"

1
. 

11 Einstein (E) = energy content of 6.02 X 1 0
23
 quanta (i.e., Avogadro's number); 1 μΕ 

= energy content of 6.02 Χ 1 0
17
 quanta. PAR is "photosynthetically active radiation" 

i.e., in the waveband 0.4-0.7 Mm. 
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B. Physiological Aspects 

Apart from the photoperiodic control of development, the main function of 
light in plant growth is to provide energy for the photosynthetic system. Figure 
4 illustrates the relation between C 0 2 exchange and quantum flux density for a 
typical C 3 and C 4 plant (see also Chapter 6). In weak light, the relation for 
both species is almost linear implying that the rate of photosynthesis is limited 
exclusively by the absorption of light quanta. In strong light and for C 3 species, 
the rate of photosynthesis of young fully expanded leaves tends to a maximum 
value, but this maximum declines with age and the leaves of many cereals and 
grasses make a negligible contribution to carbon assimilation six to eight weeks 
after they emerge. C 4 species show less evidence of light saturation and age less 
rapidly. 

These general features of photosynthesis in relation to irradiance can be 
expressed by two parameters to be considered separately: (1) the maximum 
efficiency of the photosynthetic system in weak light; (2) the maximum rate of 
photosynthesis in strong light. 

/. Maximum Photosynthetic Efficiency 

In principle, the efficiency of photosynthesis can be defined as the ratio of 
energy stored by the assimilation of carbon dioxide to the radiant energy 

100 2 0 0 3 0 0 

PAR ( W / m
2
) 

Fig. 4. Net rate of photosynthesis as a function of irradiance for two 
tropical pasture species, C 4 grass and C 3 legume, as in Fig. 2 (after Ludlow 
and Wilson, 1971). 
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absorbed by the photosynthetic system. In practice, neither part of this ratio can 
be measured directly. In the first place, the rate of photosynthesis, as measured, 
is usually the balance between a notional " t rue" or "gross" rate of photosyn-
thesis and the contemporary respiration rate. When a component of respiration 
is coupled to photosynthesis, as in C 3 species, the associated gains and losses of 
C 0 2 cannot be differentiated. In the second place, it is not possible to distinguish 
between the major fraction of light absorbed by the chloroplasts in a leaf and 
the minor fraction absorbed by other structures and organelles. 

It is convenient, therefore, to redefine the maximum efficiency of photo-
synthesis in operational terms as the maximum of the differential quantity 
μ(αΝ/αΤ)9 where μ is the energy stored photochemically per gram of C 0 2 

reduced (10.8 kJ/g), Ν is the net assimilation rate of C 0 2 (g m "
2
 s"

1
 ), and/ i s the 

incident light flux (W/m
2
) . In Fig. 4, for example, the maximum efficiency 

achieved in weak light is given by the slope of the straight line portion of the 
light response curves (dN/dl) multiplied by the energy equivalent μ. The right-
hand axis of the graph shows the value of μΝ directly. 

For a system in which the respiration rate is independent of the rate of 
photosynthesis (but not necessarily zero in the light), the maximum value of 
dN/dl can be calculated theoretically as the product of four quantities: (a) the 
gram molecular weight of C 0 2 , 44 g/mole; (b) the number of Einsteins per unit 
energy of radiation (PAR), 4.6 Χ 1 0

- 6
 E/J (see Section IV,A,2); (c) the quantum 

yield of the photochemical process, i.e., the number of moles of C 0 2 assimilated 
per Einstein of absorbed radiation, often assumed to be 0.1 mole/E; (d) the 
fraction of incident energy absorbed by chloroplasts, assumed identical to the 
total absorbed fraction; 0.85 is an appropriate average figure for crop plants. 

The product of these terms is 

dN/dI= 44 X (4.6 Χ Ι Ο
- 6

) X 0.1 X 0.85 = 17.2 μg/J 

In more convenient units, an increase in PAR flux of 1 W/m
2
 would be 

responsible for an increase in the rate of photosynthesis of 0.062 g C 0 2 m"
2
 h"

1 

and the corresponding maximum efficiency of photosynthesis is 

ß(dN/dI) = (17.2 X 1 0 "
6
) X ( 1 0 . 8 X 1 0

3
) = 18.6% 

For C 3 plants, which are known to respire in light, the component of 
respiration coupled with photosynthesis must reduce the value of dN/dl below 
the maximum value achieved if the respiration rate were constant. For example, 
if photorespiration were 48% of the net rate of photosynthesis (a mean value for 
four species derived from a table given by Zelitch, 1975), the maximum 
efficiency would be reduced to 12.6% and if the radiant flux increased by 1 
W/m

2
, the rate of photosynthesis would increase by 0.048 g m"

2
 h"

1
. These 

figures are consistent with measurements reported for a range of C 3 species and 
summarized by Monteith (1965). 
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2. Maximum Rates of Photosynthesis 

In full sunlight, the leaves of C 3 plants usually behave as if the photo-
synthetic system was "light saturated," i.e., as if the rate of C 0 2 assimilation 
was independent of the irradiance at a maximum value which is often between 3 
and 5 g m"

2
 h"

1
 before the onset of senescence. The phenomenon of light 

saturation may be more aptly described as " C 0 2 starvation" because the rate of 
operation of the photosynthetic system is limited by a shortage of C 0 2 mole-
cules. In the illuminated leaves of C 4 plants, the minimum intercellular concen-
tration of C 0 2 is close to zero, apparently because respiration is negligible, but 
in C 3 leaves the corresponding minimum value is often between 50 and 100 
μΐ/liter. Using these minimum values and other information from gas exchange 
measurements, it is possible to estimate the C 0 2 diffusion resistance for a leaf 
and distinguish components associated with the external boundary layer, stoma-
tal pores, and mesophyll tissue. For C 3 leaves with a maximum rate of photo-
synthesis in bright light of 3 to 5 g m"

2
 h "

1
, the corresponding total diffusion 

resistance is between 6 and 3 sec/cm. Provided stomata are wide open, the 
combined resistances of boundary layer and stomata usually account for about 
one-half of the total value. For C 4 plants, the minimum total resistance is 
usually less, say 2 to 3 sec/cm, attributable mainly to the boundary layer and 
stomata. The photosynthetic advantage of C 4 species can, therefore, be ascribed 
to a smaller mesophyll resistance, as well as to the absence of respiration in the 
light; but Gifford (1975) has argued that these advantages tend to disappear 
when the productivity of the two groups of plants is compared. 

Attempts to distinguish a photochemical component of resistance (Monteith, 
1963) or a carboxylation component (Chartier, 1970) have been unrewarding 
and may be misdirected. Prioul et al (1975) found that when Lolium was grown 
at different levels of irradiance, the stomatal, mesophyll, and carboxylation 
resistances were all inversely related to the maximum photosynthetic rate and 
were correlated with several structural and metabolic variables. 

3. Photosynthesis and Production 

Although the analysis of photosynthetic rates in terms of resistances has not 
led to a deeper understanding of physiological processes, it has proved a useful 
way of summarizing and comparing results from different species; simple resis-
tance models have been successfully used to estimate the rates of photosynthesis 
of whole canopies. Figure 5 shows an example in which the maximum rate of 
photosynthesis for three types of crops was expressed as a fraction of the rate 
expected if light were the only limiting factor. This fraction may be regarded as 
a measure of the limit to photosynthesis imposed by the finite diffusion 
resistance of leaves. As a further step in the same analysis, rates of dry matter 
production for a number of tropical crops were estimated on the assumption 
that 50% of the assimilated carbon dioxide was respired (Fig. 6). Estimates based 
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MJ m-2 day-i 

Fig. 5. Ratio of actual rate of photosynthesis for three types of crop 
canopy expressed as a fraction of the rate expected in the absence of light 
saturation (details given by Monteith, 1972). 

Type 

Total diffusion 
resistance 
(sec/cm) Species 

I c 4 
1.75 maize, sugarcane, sorghum, etc. 

III c 3 
3.5 rice, wheat, barley, etc. 

III c 3 
7.0 groundnuts, tobacco, cotton, etc. 

col c m
- 2
 day"

1 

200 400 600 

M J m-2 day"
1 

Fig. 6. Rate of dry matter production for three types of crop as specified 
in legend of Fig. 5. Complete ground cover was assumed and respiration was 
set at 50% of gross photosynthesis (Monteith, 1972). 

13 
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on Fig. 6 were found to be in good agreement with measurements on maize, 
bulrush millet, sorghum, rice, soybeans, and groundnuts. 

Many model studies of crop growth have concentrated on the significance of 
canopy architecture, and particularly of leaf angle as a discriminant of the rate 
of photosynthesis. In a recent comprehensive review of leaf inclination in 
relation to crop production, Trenbath and Angus (1975) concluded that the 
photosynthetic advantages of erect leaves are most likely to be expressed by 
densely sown stands of C 3 plants growing in the tropics and sub tropics. The 
success of dwarf rices such as IR 8 supports this conclusion (Chandler, 1969); 
the significance of erectness in grasses is discussed in Chapter 6. 

Many of the complications of light distribution models can be bypassed by 
exploiting the experimental fact that in the early stages of crop growth, rates of 
photosynthesis and dry matter production are very nearly proportional to the 
fraction of intercepted light (Monteith, 1972; Biscoe and Gallagher, 1976; 
Loomis and Gerakis, 1975). It follows that in the period before the canopy of a 
crop is complete, factors such as temperature and water stress, which govern the 
rate of leaf expansion, play a very important part in determining the rate of dry 
matter production of a stand and its photosynthetic efficiency. 

Accounting for respiration is one of the major problems in estimating the dry 
matter production of crops from C 0 2 exchange. McCree (1974) suggested the 
respiration rate of crop plants could be expressed as a linear function of the rate 
of photosynthesis (growth respiration) and of dry weight (maintenance respira-
tion). Field measurements of respiration from a stand of barley were consistent 
with McRee's analysis (Biscoe et al, 1975), but Ryle et al. (1976) have described 
a more detailed study in which maize and grass plants were kept in the dark after 
a period of illumination. Both components of respiration decreased with time 
but at different rates. 

A second problem in estimating dry matter production is to make an 
appropriate allowance for the decrease in the rate of leaf photosynthesis with 
age, which depends on factors such as nutrition, water supply, and temperature. 
In most crop stands, it is this aspect of senescence, rather than the increasing 
respiratory load of nonphotosynthetic tissue, which slows and eventually stops 
the production of dry matter at the end of the growing season. 

V. WATER 

A. Physical Aspects 

7. Heat Balance 

The amount of water available to the roots of crop plants depends both on 
meteorological factors (the balance between rainfall and evaporation) and on soil 
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factors (the relation between soil water content, water potential, and conductiv-
ity). As the physical properties of soil are dealt with in Chapter 2, this section is 
concerned with climatic aspects of water input and loss. 

In most parts of the tropics, the distribution of rainfall during the year is 
much more variable than evaporation rate so that seasonal changes in soil water 
content are determined mainly by the rainfall pattern. This generalization is the 
basis of a simple classification of tropical climates into (a) wet equatorial regions 
where rainfall exceeds evaporation in every month of the year; (b) monsoon 
regions with one marked wet season in which rainfall exceeds evaporation and a 
dry season in which it is less; (c) savanna regions with one (or two) very dry 
seasons separated by wet seasons in which rainfall substantially exceeds evapora-
tion. 

To-a good first approximation, the maximum rate of evaporation from crops 
or from soil over a period of say, one month, can be estimated from the net 
income of radiant energy over the same period. The latent heat of evaporation 
(XE) must be equal to the net input of energy from radiation (/?„)less sensible 
heat stored in the atmosphere and in the soil. During most of the day, soil and 
air temperatures both increase and this heating represents a positive storage of 
solar energy. During the night, soil and air cool because a large fraction of the 
heat stored during the day returns to the surface to compensate for the loss of 
long-wave radiation. Provided there is adequate water for evaporation from a 
surface of soil or vegetation, the net storage of heat over 24 hours is usually only 
a small fraction of the net radiation so that the loss of latent heat is nearly equal 
to the net gain of radiant energy, i.e., XE—Rn. Figure 7 shows how closely this 
relation is observed throughout the year at Manaus. [The approximation XE — 
Rn is the basis of the "radiational index of dryness" used by some climatolo-
gists, i.e., the ratio of XP/Rn where Ρ is precipitation in appropriate units 
(Budyko, 1974).] 

There are two major exceptions to the general rule that the energy used for 
evaporation from vegetation should be close to the net heat available from 
radiation. First, when an area of rain-fed or irrigated vegetation is surrounded by 
dry territory, foliage may be cooled by evaporation below the temperature of 
the air passing over it. The atmosphere then becomes an additional source of 
heat for evaporation so that the daily mean value of XE may exceed the 
corresponding income of net radiation Rn. In a series of measurements reported 
by Rosenberg (1974), XE/Rn for an irrigated field was seldom more than 1.5, but 
even higher values are possible close to the upwind edge of an irrigated area. 
Second, when the evaporation rate is restricted by the supply of water to the 
root system rather than the supply of radiant energy to the tops, stomata tend 
to close and the rates XE/Rn may then assume any value between 0 and 1. In a 
few species such as pineapple, stomatal closure during the day is a normal state 
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and the amount of water transpired per unit is only a small fraction of the 
potential evaporation rate (see Chapter 5). 

2. Water Balance 

In the tropics, the daily net income of radiation, expressed as a monthly mean 
value, ranges from a minimum of about 7 MJ/m

2
 during the cloudiest part of the 

year near the equator to a maximum of about 12 MJ/m
2
 during the dry season 

on the margin of the subtropical deserts. Over a large portion of the tropics, the 
annual mean income of daily'net radiation islwithin ±20% of 9 MJ/m

2
.Dividing 

by the latent heat of vaporization (2450 J/g) to obtain equivalent amounts of 
water, the corresponding range is approximately 3 to 5 mm per day with a mean 
of 4 mm/day similar to the summer maximum of temperate regions. Much higher 
rates of the order of 10 to 15 mm/day reported for irrigated crops in the 
semiarid tropics and subtropics are a consequence of the advection of hot, dry 
air. 

By combining measurements of monthly rainfall with estimates of evapora-
tion at the same station, it is possible to construct diagrams such as Fig. 8 or 

Fig. 7. Annual variation of net radiation (Rn) and latent heat of evapora-
tion (\E) at Manaus, Brazil (after Lockwood, 1974). Note suppressed zero. 
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Fig. 8. Annual variation of rainfall (P), potential evaporation (E), and 
excess of rainfall over precipitation (P-E) at Samaru, North Nigeria (after 
Bunting, 1975). 

regional maps which reveal the distribution of water surpluses and deficits 
through the year. Davies and Robinson (1969) presented maps for the whole of 
Africa and showed how well the water balance in Nigeria was correlated with 
distribution of natural vegetation. 

In general, the length of the growing season in the tropics is determined by 
the period in which (1) the mean monthly rainfall exceeds about 150 
mm/month (approximately the maximum evaporation rate) and (2) the distribu-
tion of rainfall is reliable enough from year to year and uniform enough within 
each season to avoid damaging droughts. Once a crop is established, roots have 
access to water stored in the soil which provides a buffer against periods of 
restricted rainfall and also extends the growing period beyond the date at which 
the rains stop. The size of the store depends on the physical composition of the 
soil and the extent of the root system. Roots in the top meter of a light sandy 
soil may be able to extract only 5 cm of stored water equivalent to 10 days of 

17 
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evaporation at 5 mm/day. But a meter of clay soil could sustain evaporation for 
a month at the same rate and the addition of organic matter could increase this 
duration. 

B. Physiological Aspects 

All plant physiology textbooks affirm that metabolic processes in green 
plants depend on the availability of water and that water shortage can restrict or 
stop growth. Unfortunately, concepts such as "availability" or "shortage" are 
extremely difficult to define or to quantify. Many physiologically minded 
plumbers have explored the anatomy of water-conducting tissues in crop plants 
and the dynamics of water movement have been analyzed in terms of free-energy 
potentials and hydraulic resistances. But it is still far from clear how the free 
energy of water in leaves is related to the rate of water flow or which compo-
nents of water potential are of most importance in governing rates of photo-
synthesis, extension growth, and differentiation. 

Very slight water stress of the order of a few bars is enough to slow or stop 
cell division and expansion (Fig. 9) (Slatyer, 1969; Hsaio et al, 1976). When a 

is r τ 3 

Leaf water potential (bars) 

Fig. 9. Rates of leaf expansion and net rate of photosynthesis of soybean 
as a function of leaf water potential. Expansion is expressed as a fraction of 
the maximum rate in the absence of stress (after Boyer, 1970). 



Climate 19 

plant is exposed to increasing water stress as a result of a lack of rain or 
irrigation, the differentiation of new organs and the expansion of existing organs 
are affected first. With further stress, rates of photosynthesis are reduced by a 
combination of stomatal closure, increasing mesophyll resistance, and a decrease 
in the efficiency of the photosynthetic system (Slatyer, 1969). The evidence 
reviewed by Slatyer suggests that although a rate of primordial initiation may be 
slowed by moderate stress, it may later be accelerated when the stress is removed 
so that the final primordial number is almost unaffected by the episode. 
Processes such as leaf extension which depend on cell enlargement are more 
likely to be permanently affected by a period of stress. However, the number of 
metabolic processes which are sensitive to water stress is so large and their 
integration in plant growth is so complex that generalizations are dangerous. 
Modeling the effects of stress is inappropriate because there are so many 
unknowns; but a common framework of ideas is needed to integrate and 
reconcile results from the large volume of work reviewed by Salter and Goode 
(1967). This volume contains many examples of the effects of stress, e.g., on the 
survival of cherelles in cacao (Chapter 10), on floral abortion in the oil palm 
(Chapter 13), on expansion of coffee leaves (Chapter 9), and on the determina-
tion of grain number in upland rice (Chapter 3). 

C. Ecological Aspects 

In the last two sections, the energetics of evaporation and the response of 
plants to water stress were discussed independently and, at least until recently, 
field studies of plant-^vater relations have been inhibited by a similar dichotomy 
of concepts and techniques. Much closer integration of physical and physiologi-
cal studies has now become possible, largely through the development of 
convenient instruments for measuring water potential and stomatal diffusion 
resistance in the field. Related papers by Biscoe et al (1976), Elston et al 
(1976), and Jarvis (1976) show how changes in the water relations of vegetation 
can be followed through the growing season and how they can be analyzed to 
quantify the response of plants to water stress. Although work of this type is 
still at a relatively primitive stage and knowledge is fragmentary (Elston, 1975), 
two general points are worth summarizing: (1) a moderate degree of stress is 
inescapable even when plants are growing in wet soil; and (2) field-grown plants 
have the ability to adapt to an increasing shortage of water. 

During darkness, the water loss from crop plants is usually very slow because 
stomata are closed and the saturation deficit of the air is small. In consequence 
there is little difference in water potential between roots and leaves. When 
transpiration begins after sunrise, a significant amount of water is withdrawn 
from storage in mesophyll cells and in other parts of the plant, and by this 
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means gradients of water potential are established which maintain a flow of 
water from the soil through the plant to the atmosphere. Oertli (1969) and 
others have emphasized that a decrease in leaf water content is a prerequisite of 
water movement rather than an indication that roots cannot absorb enough 
water to satisfy the demand for transpiration. Figures for the substantial 
amounts of water stored in plant tissues were recently reviewed by Jarvis (1975); 
in general, a loss of stored water can maintain transpiration from a field crop for 
several hours. 

As a result of the contribution of cellular water to transpiration, wet soil is 
not an insurance against development of water stress in crop plants. On a sunny 
day when the mean transpiration rate is 0.3 mm/hour or more, the leaf water 
potential may fall below - 5 bars or even below - 1 0 bars. The imprecision of 
these figures is unimportant. If (negative) water potentials of a few bars are 
enough to affect cellular growth and metabolic processes generally, then the 
retardation of development by stress must be a normal daytime phenomenon in 
most crop plants grown in the tropics where high temperatures and strong 
insolation maintain rapid transpiration throughout the growing season. Stress is 
even more severe when an irrigated crop is surrounded by dry land, with the 
result that advected heat supplies energy for additional evaporation. As rainfall 
over a whole region removes this advected energy, the stress developed in a 
rainfed crop should be significantly less than in an irrigated crop growing in soil 
at an identical water content. By the same argument, the beneficial effects of 
irrigation are maximal when water is applied over a large area such as the Sudan 
Gezira. 

Adaptation to a persistent water stress can take many different forms—the 
preferential growth of roots at the expense of tops, partial closure of stomata 
which may become complete under severe stress, and an increase in the osmotic 
potential of leaf cells which appears to play a very important part in maintaining 
turgidity. For example, Hsiao et al (1976) reported how the solute potential of 
leaves from an unirrigated stand of sorghum decreased during the season in 
parallel with the decrease in total potential so that the midafternoon turgor 
pressure was maintained at about 5 bars (Fig. 10). In unirrigated wheat, turgor 
potential actually increased during the afternoon. Less marked but significant 
diurnal changes of osmotic potential have been reported for other species, e.g., 
wheat by Biscoe et al (1976) and sugar beet by Biscoe (1972). The main cause 
appears to be an accumulation of sugars as a result of photosynthesis, with a 
minor contribution from diurnal changes in cell water content. The need for 
bright light to promote rapid photosynthesis may be one of several reasons why 
room-grown plants often appear much more sensitive to water stress than 
field-grown plants of the same species and age. 



Fig. 1 0 . Seasonal change of total, solute, and turgor potentials in unirri-
gated sorghum grown in California. Measurements on leaves between 1200 and 
1500 hours local time (after Hsiao et al, 1976). 

VI. CONCLUSIONS 

A. Integration 

The progress of a crop plant from germination to maturity depends on the 
interplay of genetic and environmental factors which determine the timing and 
rate of developmental process. In Section II, some elementary quantitative 
aspects of development were briefly considered; the following three sections 
dealt with the effects of temperature, light, and water on development as if they 
acted separately. The scheme presented in this final section is an attempt to 
integrate quantitative aspects of development and related interacting factors. 

In Fig. 11, the ordinate is time and the abscissa is a measure of development 
represented by X, which may be a number or a size or a weight. The points on 
the figure are the measurements from a hypothetical experiment in which X was 
measured at regular time intervals. It would be possible to fît a sigmoid curve 
through these points and the appropriate mathematical functions were discussed 
in great detail by Richards (1969) with specific reference to leaf growth. A more 
straightforward approach is to note that, provided the environment does not 
change, a large fraction of the total increase in X usually occurs at an almost 

21 Climate 
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Fig. 1 1 . Hypothetical relation between stage and development measured 
in terms of a quantity X and time. Error bars are indicated for two points 
only. 

constant rate, i.e., X is a linear function of time (see Gallagher et al, 1976). Two 
straight lines can now be drawn, one representing the increase in development 
with time [X = X(t)] and the second representing maximum development (X z. 
Xm). The two lines define three quantities: (a) a mean rate of development X 
[from the slope of X = X(t)] ; (b) the apparent time r 0 that elapses before 
development starts [from the intercept of X = X(t) with X = 0] ; (c) the apparent 
duration of development r [from the intercept of X = X(i) with X = Xm such 
t h a t X m = r X ] . 

The advantages of this scheme are that the values of the variables Χ, τ0, and r 
can be readily determined by inspection and can then be related to the state of 
the environment. When one environmental factor changes systematically during 
development, it is sometimes possible to identify related changes in the value 
of X. 

When X represents a number of organs of a particular class, an extension of 
the scheme is sometimes needed to account for death occurring after the 
maximum number of organs has been initiated. The phenomenon of cherelle wilt 
in cacao is an extreme example (Chapter 10). If the number of surviving organs 
is represented as Xf, the number of deaths Xm - Xf is often determined by the 
state of the environment. 

Figure 11 can be applied either to differentiation (X—number) or to growth 
(X—size or weight). For a process of differentiation, the main environmental 
controls which determine the variables of the development curve are 
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r 0 Daylength, providing the stimulus for a new phase of development; also 
environmental factors determining the rate at which previous 
phases of development were completed, particularly temperature 
and water supply. 

X Temperature of and water supply to meristematic tissue determining 
the rate of differentiation of primordial cells; daylength when the 
photoperiodic response is quantiative. 

r Temperature and water status of meristematiçjissue; daylength. 
Xm In some circumstances, the value of Xm (= rX) will depend on environ-

mental factors through the individual values of τ and X. However, 
the phenomenon of plasticity implies the existence of a range of 
environmental states in which the value of Xm for a particular 
genotype is an_expression of its genetic potential. The environmen-
tal control of X and r must then be complementary. For example, 
if an increase of temperature increases X by 10%, r must decrease 
by 10% to keep τΧ constant. As shown in Section III,C, this type of 
complementarity implies the same base temperature for X and 1/r. 

Xf Environmental factors such as high temperature, water stress, or weak 
light may be responsible for the death of organs which have started 
to grow. The death of tillers, florets, immature fruits, etc., has often 
been recorded in field experiments and has been ascribed to envi-
ronmental factors. Quantitative analyses are rare. 

For a process of growth measured as an increase of size or weight, it is 
necessary to distinguish between the activity of sources and sinks of assimilate 
(see Chapter 8). When the growth of an individual organ is limited by its demand 
for assimilates ("sink strength") the main environmental controls will be 

T0 Previous temperature and water supply; daylength in cases of dor-
_ mancy. 
X Temperature of and water supply to tissue determining the rate of 

division and expansion of cells, 
r Temperature and water status of tissue. 
Xm See comments for differentiation. Within the limits of plasticity Xm 

may_be independent of environmental factors because the response 
of X and r is complementary. Outside the limits, Xm may depend 
on temperature and water stress. 

Xf At the end of the growth phase, the weight of a fruit or other organ 
may decrease slowly as a result of respiration at a rate determined 
by temperature. It has also been pointed out that the total weight 
of a crop plant would decrease if it produced more respiring tissue 
than it could support by photosynthesis, e.g., if leaf area index 
exceeded some hypothetical "optimum" value. Transitory negative 
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growth rates may be associated with periods of adverse weather but 
substantial losses of dry matter recorded before harvest are likely 
to be the result of abscission or prédation rather than respiration. 

When the growth of an organ is limited by the rate of assimilate supply 
("source strength"), the rate of growth will depend mainly on the factors which 
govern the photosynthesis rate. In principle, irradiance is the main determinant 
of the photosynthetic rate, but in tropical climates there is often little variation 
in insolation from day to day. Mean temperature is also relatively constant. In 
practice, therefore, water stress will often be the main climatic discriminant 
either for the increase in weight of an organ or for the rate of dry matter 
production of a whole plant or a crop stand. The duration of the period for 
which assimilate is available will depend on the rate of senescence of the 
organ or organs responsible for photosynthesis and this rate may be determined 
by temperature and/or water status. For perennial tree crops, daylength may 
also be implicated in senescence. 

B. Omissions 

Although Fig. 11 provides a framework for discussing the environmental con-
trol of development in very general terms, several important topics have been omit-
ted. In particular, the effects of wind referred to in several later chapters have 
not been incorporated in the scheme, mainly because the mechanisms of wind 
damage are not well understood. Some effects of wind are visible by inspection, 
e.g., serious damage to trees or bending of sugarcane leaves (Chapter 4) or the 
dissection of banana leaves. Damage to the cuticle, invisible to the naked eye, 
may increase the loss of water from leaves and so increase water stress (Grace 
and Thompson, 1973). There are also several reports of growth being slowed by 
vibration but the mechanism is obscure. Studies of the damage which wind 
causes to horticultural crops were reviewed by Waister (1972) and a more recent 
review by Sturrock (1975) deals with the theory and practice of providing 
shelter for crops. 

A second omission is the effect of temperature on the quality of the 
harvested product referred to in the chapters dealing with pineapple, tea, and 
citrus fruits. For these and other species, the economic significance of tempera-
ture in relation to quality is well recognized but systematic field studies are rare, 
and the associated biochemistry has not been explored. By analyzing measure-
ments over a series of years, Smith (1973) was able to correlate the α-acid 
content of hops growing in northern Europe with the mean temperature over the 
final stages of growth and he identified an optimum temperature at which acid 
content reached a maximum. Day-to-day variations in acid content could also be 
correlated with short-term changes in temperature so that the best quality (most 
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acid) was obtained when the hops were picked after a spell of warm days. 
Although hops are grown in an environment more thermally variable than the 
tropics, the success of this analysis underlines the need for more detailed studies 
on the chemical composition of material harvested. 
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I. INTRODUCTION 

This chapter deals with the ecological soil conditions in the humid tropics. 
The main soils are described first. Attention is then focused on the major 
ecological soil qualities, namely, root volume, availability of water for plant 
growth, and availability of nutrients (see Beek and Bennema, 1972). 

Only those aspects of nutrient availability are discussed with respect to which 
main soils of the humid tropics differ largely from most other soils: low cation 
exchange capacity of the clay fraction, often low amounts of exchangeable 
bases, relatively high aluminum saturation, high phosphorus fixation, and, in 
general, the easily upset balance among nutrients (see also van Wambeke, 1974). 

29 
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Because tropical agriculture often has to deal with low inputs, the use of 
fertilizers is often restricted. The nutrients present in the natural ecosystem, 
both in soil and vegetation, are often an important source for agricultural 
plant production. Nutrient storage and cycling in natural ecosystems are there-
fore dealt with in Section V. 

Tropical soils are subject to deterioration with agricultural use mainly because 
of a decrease in organic matter content. Management practices that control the 
amounts of organic matter are therefore an important aspect of tropical agricul-
ture. The last section discusses the factors that determine the amounts and 
distribution of organic matter in tropical soils. 

II. RED AND YELLOW SOILS OF THE HUMID TROPICS 

Attention is given in this section to the characteristics of different red and 
yellow soils, especially those occurring in the humid part of the Tropical 
Lowlands; emphasis is also given to characteristics of the most weathered soils, 
the Oxisols, not because they are the most important ones in humid tropics, but 
because they are most extreme in their characteristics and behavior. Many other 
soils have characteristics in common with the Oxisols, although these often are 
not obvious. 

The red and yellow soils are mostly old (mature) soils, but some are older 
than others. The very oldest soils are found on ancient erosion surfaces with 
subdued topography and on terraces, as well on marine, fluvial, and lacustrine 
terraces. These soils, earlier classified as Latosols or Ferralitic soils, are now 
called Oxisols (Sou Taxonomy, Staff, Soil Survey, 1975) or Ferralsols (FAO/ 
UNESCO, 1971). 

Ferralsols or Oxisols occur, in particular, over large areas in Africa and South 
America, as shown on the Soil Map of the World (FAO/UNESCO, 1971). They 
are strongly weathered deep soils, mostly low in fertility, with the exception of 
some of the Oxisols in basic parent rocks. 

Related to the Oxisols are soils formerly known as Red-Yellow Podzolic 
Soils. These often have a low exchange capacity and a high percentage of 
exchangeable Al

3 +
. They are now classified as Ultisols (Soil Taxonomy) or 

Acrisols + Dystric Nitosols (FAO/UNESCO, 1971). They are also old and 
weathered with low base saturation. Ultisols mean ultimate soils, but this is not 
true for the humid tropics because they are not as old and often somewhat less 
weathered than the Oxisols. A subsurface horizon with clay illuviation is a 
diagnostic criterion of the Ultisols. Clay is transported from the topsoils to this 
horizon. These soils are found primarily in areas having a marked, but relatively 
short, dry period. 
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In the residual areas with more accentuated topography, younger soils can be 
found on acid or intermediate rocks. These belong most to the Dystropepts. 
They have low base saturation and high percentage of exchangeable A l

3 +
 in 

common with the Ultisols but they lack an argillic horizon. Well-drained 
soils with a higher base saturation occur in the humid tropics on basic rocks 
and in areas with younger volcanic influences. The best known soils of this 
kind are the Reddish Brown Lateritic Soils, deep dark red, or dusky red soils 
with an argillic horizon (often not very well developed) and medium to high base 
saturation. These soils are now classified as Rhodudalfs (Soil Taxonomy) or 
Eutric Nitosols (FAO/UNESCO, 1971). An example of these soils is the well 
known "Terra Roxa estruturada" (structured Terra Roxa) of Brazil. The soils 
under discussion have predominantly 1:1 layer silicate clay minerals, mainly 
kaolinite. Red soils with 2:1 layer silicate clay minerals occur locally in the 
humid tropics. These soils do not have the same properties as those described 
in this chapter. 

A. Oxisols 

Oxisols are deep, permeable, well-drained soils (the soil is often 1-4 m deep) 
in which the subsurface horizon is composed of very fine granulars or of weakly 
developed blocks with a friable consistency. The coarser fractions in soils on acid 
parent materials (granites, sandstones, most sediments) are always dominated by 
quartz, and in soils on more basic parent materials (e.g., basalts) by iron oxides 
and titanium oxide together with quartz. Smaller percentages of kaolinite and 
aluminum oxide may also be found in the coarser fractions. Primary, easily 
weatherable minerals are absent or rare. The coarser fraction consists mainly of 
sand; the percent of silt is low. The mineral colloidal fraction consists of 
kaolinites, with varying amounts of iron and aluminum oxides. The molar ratio 
S i 0 2 / A l 2 0 3 of the total clay fraction is often used as an indication of the 
composition and also of the weathering stage of the soil material of Oxisols. 
A ratio of about two is an indication that the clay fraction is dominated by 
kaolinites (kaolinite itself has a S i 0 2 / A l 2 0 3 ratio of two). A ratio higher than 
two indicates that clay minerals which also have a higher cation exchange 
capacity (CEC) than kaolinite are present. However, ratios much higher than two 
are not found in Oxisols; they occur only in less weathered soils. A S i 0 2 / A l 2 0 3 

ratio well below two indicates the presence of free aluminum oxides (mainly 
gibbsite) in Oxisols. This often is the case in the residual Oxisols. Locally even 
very high amounts of free aluminum oxides may occur, e.g., in the cerrado 
Oxisols of central Brazil. The terrace Oxisols of the Amazon region have 
S i 0 2 / A l 2 0 3 ratios that are never much below two. They are kaolinitic and free 
aluminum oxides do not play an important role. 



32 Jakob Bennema 

Oxisols usually show a residual enrichment of iron oxides as a result of a loss 
of silica and bases, the main feature of so-called ferralitic weathering. The 
percentages of iron oxides in Oxisols are thus normally higher than in the 
original material. These percentages can, however, still be low in an absolute 
sense, if the soils originated from parent materials low in iron. Such soils may 
even have iron contents which are much lower than in young soils derived from 
parent materials high in iron. For example, most soils on the sediments of the 
Amazon region have relatively low iron content, usually between 2 and 8%. The 
residual Oxisols on the consolidated rocks often have medium to high iron 
contents, depending on the kind of parent rock. 

The color of Oxisols is often related to their iron content. Soils low in iron 
content are often yellow, as is the case with many Oxisols on sediments. Soils 
high in iron usually are dark or dusky red (they may be yellow in cool and 
constantly wet conditions). The soils found on basic intrusions which are higher 
in iron have a dark red or dusky red color. Formerly the Oxisols were always 
described in terms of their color (Yellow Latosols, Red-Yellow Latosols, Dark 
Red Latosols). 

The kaolinites in Oxisols have a low negative charge and CEC. The latter 
usually is not more than 6.5 mEq per 100 g of clay. This cation exchange 
capacity of the clay fraction and that of the organic matter often is only partly 
saturated with bases (low base saturation), whereas exchangeable A l

3 +
 may be 

relatively high. 
In its simplest form, an Oxisol consists of strongly weathered porous soil 

material well reworked by soil animals (chiefly by ants and termites) lying on 
strongly weathered, not reworked, parent materials, e.g., decayed rock or weath-
ered sediments. Extensive areas of such Oxisols have been described in southern 
Brazil. However, in many other Oxisols, as well as in other tropical soils, 
plinthite—a mottled layer of red or brown iron in a gray matrix which hardens, if 
dried, to form iron gravel or an iron sheet—is present in the zone of fluctuating 
or seasonally perched water table, often with an underlying gray or whitish 
layer. In Oxisols it is most likely found deeper below the soil surface, e.g., at a 
2-3 m depth, where there is no danger of hardening. However, hardening of 
phinthite is possible in soils where the plinthite is found higher in the profile, 
particularly in soils formerly known as Ground-Water Latérites. Fossil-hardened 
plinthite in the form of iron-gravel may form a part of the soil material in 
Oxisols. Iron-gravel and iron sheets can also occur in other soils. 

In some regions of the Amazon the kaolinitic Yellow Latosols were used for 
agriculture many years ago. Large amounts of organic matter, often including 
bones, were brought to these places. These soils have deep, dark-colored topsoils 
and are known as "Terra Prêta dos Indios"—Black soils of the Indians. The most 
typical of these soils have an "anthropogenic epipedon" (Soil Taxonomy). 
The "Terra Prêta dos Indios" are considered to be fertile soils. 
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Β. Other Red and Yellow Soils 

Most of the younger red and yellow soils also consist primarily of clay 
minerals dominated by kaolinites and coarser fractions dominated by quartz, or 
locally, iron oxides. 

The kaolinites of the younger soils often are more active than those in the 
Oxisols. Some accessory clay minerals with higher CEC may also be present, 
resulting in a somewhat higher CEC of the clay fraction and higher mobility of 
the clay. In somewhat older soils this higher mobility of the clay causes 
formation of a horizon with clay illuviation. Such a layer does not occur in the 
younger soils (Inceptisols). 

The red and gray mottled material (plinthite) found in deeper layers of some 
Oxisols may also be present in the younger soils. In such soils it often occurs 
somewhat higher in the profile, suggesting less than optimal drainage conditions. 

Most of the younger soils are also low in plant nutrients. However, some 
exceptions occur. As already mentioned, certain soils on basic rocks have much 
higher base saturation; for example, the "Terra Roxa estruturada" (an Alfisol). 
Significantly, these soils are not always as deep as most Oxisols, so that the 
nutrient cycle can be enriched by nutrients pumped up by the vegetation. It 
should, however, be stressed that these soils are also kaolinitic and that in 
addition to their higher base saturation, they have only very limited amounts of 
mineral reserves in the form of weatherable minerals. The extension of this kind 
of soil is very limited in the humid tropics. 

Other exceptions are the soils in the humid and subhumid regions formed 
from volcanic ash. They cover greater areas, e.g., in Java, around the Rift Valley 
in East Africa, in the Andes, Central America, and Hawaii. The colloidal fraction 
of the younger members of these soils is often dominated by allophane, an 
amorphous aluminosilicate. If the soil is more mature, layer silicates become the 
dominant clay minerals, first halloysites, and later kaolinites. Most of these 
younger soils have a yellowish color, while the more mature soils are mostly dark 
red. The soils with higher allophane content have specific characteristics, such as 
a CEC strongly dependent on the pH (with low pH-low CEC) and a high phos-
phorus fixation. 

The more mature soils are dominated by kaolinite in common with the old 
red and mostly yellow soils of the humid tropics. However, the amount of 
weatherable minerals often is still greater and the kaolinite often is more active 
and accompanied by halloysites or some allophane. 

III. PHYSICAL CHARACTERISTICS 

Under natural conditions most red and yellow soils in the humid tropics have 
a topsoil with good structure. If used in agriculture such soils are easy to work as 
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long as the organic matter level does not decrease too much. Even the clayey 
soils are no exception. A farmer can work on his land shortly after rain, and 
these soils do not become very hard if dry. The preparation of a seedbed there-
fore is not difficult. However, if the organic matter level decreases, the soil 
structure deteriorates, a crust may form after heavy rains, and the soils may 
become hard if dry. 

Although most tropical soils are deep, they do not necessarily favor root 
development for several reasons: 

(1) A dense layer in the subsoil of the extremely developed Ultisols and 
Alfisols, in the form of a well-developed clay illuviation layer (well-developed 
argillic horizon). This relatively impermeable layer can be a mechanical barrier to 
root development. In extreme cases it may also impede water movement, leading 
to oxygen deficiency just above the dense layer. 

(2) A compact subsurface layer that becomes hard when dried. Formation of 
this layer may be hastened by heavy machinery during land reclamation (Janssen 
and van der Weert, 1976). Such hardened layers are rather common in medium 
textured Oxisols with low iron content. Compact layers in finely textured 
Oxisols of the Amazon valley also occur (Sombroek, 1966). 

(3) A layer of ironstone (hardened plinthite). Although not common in the 
humid tropics, it occurs more in savanna regions of subhumid to semiarid tropics. 
Plinthite (not hardened) occurs near the soil surface in some types of savanna 
soils (formerly called Ground-Water Latérites) and in some forest soils. It might 
be expected that following clearing of a forest, this layer will harden and impede 
root development. This is a subject of vigorous debate. The occurrence of 
plinthite near the surface in forest soils is, however, relatively rare. 

(4) Low content of calcium and phosphorus and high content of alumi-
num in the subsoil. Under such conditions root growth is restricted to the 
topsoils, although the porosity of the subsoil may be favorable for root develop-
ment. Soil management should attempt to influence chemical subsoil conditions 
in such a way that root growth is enhanced. It might also be useful to emphasize 
breeding of plant varieties better adapted to the special chemical conditions of 
these subsoils. 

The unfavorable conditions for root growth in some subsoils may lead to very 
superficial root systems. Klinge (1973) showed, for example, that forest trees on 
a fine textured kaolinitic Yellow Oxisol in the Amazon valley had about 50% of 
their roots in the upper 20 cm. Sombroek (1966) indicated that if such soils had 
subsoils that were more compact than normal, root development was still more 
superficial and a rain forest with creeper developed. In Malaysia shallow-rooted 
rubber trees have been blown down (Chan and Pushpajajah, 1972). 

In most soils of the humid and subhumid tropics, water deficits do not last 
long because there is no dry season, or it is short. The amount of available water, 
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i.e., that between wilting point and field capacity, in most Oxisols and similar 
soils sometimes is, however, rather low. This is because these soils have many 
large and small pores but few medium-sized pores. The available water does not 
appear to depend on clay content. It is as high in more sandy soils as in very fine 
textured ones. The subsoils of the Yellow Oxisols of the Amazon valley have 
about 10% available water (Sombroek, 1966; see also Wessel, 1971 for related 
soils). The topsoil has more available water largely because of its higher organic 
matter content. However, not all the red and yellow tropical soils have such 
small amounts of available water. For example, Oxisols and similar soils with 
higher iron content, as well as Alfisols and some Ultisols, have more available 
water. The amount of water that plants can absorb within a certain time interval 
depends not only on available water in the profile but also on root development. 
As mentioned, conditions for root development are not always ideal as when the 
soil volume that supplies water to plants is limited. Some plants with low 
root-shoot ratios may undergo water deficits on moist soils because their 
capacity to absorb water is too low to keep up with a temporary high transpira-
tional water loss. 

The amount of water with a tension above 15 bars depends largely on clay 
content. It may be as high as 30% (weight percentage) in fine textured Oxisols. 
The large amount of water with tensions above the wilting point in fine textured 
soils is important for the conservation of organic matter within the granules. 
Soils with higher clay contents have a higher organic matter content, at least in 
part because of better conservation of the organic matter. 

Oxisols and similar soils often are deep and highly permeable; thus runoff is 
substantially reduced. Erosion, especially sheet erosion, is not serious for such 
soils if the soil is covered with vegetation throughout the year so as to protect 
the topsoil from deterioration through rainsplash. Only under such conditions 
can deep soils be formed and maintained in nature. There is, however, some 
danger that the topsoil of Oxisols will deteriorate if used in agriculture without 
proper management. If the soils are exposed to direct influence of the rain, and 
especially if not enough organic matter is returned to the soil, the structure may 
deteriorate. This may result in sealing of the surface and consequently in runoff 
which causes both sheet and gully erosion on sloping terraces. It is also possible 
that more soil material illuviates to deeper horizons with agricultural use. In 
more coarsely textured soils the topsoil might become sandier due to these 
processes. 

Not much is known about the differences in behavior of various Oxisols with 
respect to topsoil deterioration, but those low in iron, like the ones on sediments 
of the Amazon region, are most susceptible. 

Typical Alfisols and Ultisols are generally more susceptible than Oxisols to 
erosion. They have topsoils which tend to seal, especially if they are low in iron. 
Moreover, they often have subsurface soils which are less permeable because of 



36 Jakob Bennema 

clay illuviation and related compaction. During the rainy season the topsoils may 
be saturated with water stagnating on the less permeable layer. This causes 
runoff and soil erosion even if the top layer is not properly sealed. This 
condition is further aggravated because many Ultisols and Alfisols occur in areas 
with more accentuated relief than where typical Oxisols are found. Nevertheless, 
many red and yellow soils of the humid tropics are relatively resistant to erosion 
if proper attention is given to this in their management. The soils should be pro-
tected as much as possible against the direct impact of rainfall. This is easier 
in the humid tropics than in regions with longer dry periods or with a cold 
period. Red and yellow soils of the humid and subhumid tropics can therefore 
be protected more easily against erosion than many soils in other parts of the 
world. An exception should be made in relation to mass movement, as slumps, 
which is not uncommon in some regions of the red and yellow soils. Erosion at 
the base of a hill by rivers may lead to very steep labile slopes. 

IV. CHEMICAL CHARACTERISTICS 

A. General Features 

The availability of nutrients in the red and yellow soils is a many faceted 
subject. Two aspects will be emphasized: (1) the availability of bases, calcium, 
magnesium, and potassium; and (2) the phosphorus regime. Availability of other 
nutrients will be mentioned only briefly. 

Deficiencies of Zn, B, Mo, and S often are reported for the strongly weath-
ered red and yellow tropical soils (Drosdoff, 1972). Zinc deficiency appears to 
be related to fixation by crystalline sesquioxides. Boron deficiencies occur, in 
particular, on sands and also on neutral and alkaline soils. Molybdenum defi-
ciency might occur in the process of nitrogen fixation in the strongly weathered 
soils of the humid tropics. This deficiency can often be alleviated by liming, but 
deficiencies of Zn and Β are aggravated by addition of lime. Formerly, sulfur was 
added to fertilizers, mainly with phosphorus. However, with newer fertilizers, 
of greater purity this is not always done, and special attention should be given to 
providing plants with sulfur. In the natural ecosystems of the red and yellow 
soils sulfur appears to be present mainly in the organic cycle (Olson and 
Engelstad, 1972) it is partly lost by burning. 

There is much speculation about the role of silica in plant nutrition. Some 
plants, especially rice, sugarcane, and corn, extract very large amounts from the 
soil. It is expected that available silica will be especially low in the old, strongly 
weathered soils because these have lost most of the silica which can be easily set 
free by weathering. However, as yet relatively little is known about silica 
deficiency (d'Hoore and Coulter, 1972). 
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The nitrogen regime of tropical soils is of special interest. Nitrogen does not 
seem to be a limiting factor in natural tropical ecosystems, but it is in agricul-
tural production if no nitrogen is added in the form of fertilizers or by the use of 
leguminous crops. Some authors claimed that a substantial amount might be-
come available by fixation other than that by leguminous crops (Dobereiner et 

al, 1975), in particular with the production of plants belonging to the Gramineae. 
Mineral toxicity may also occur. For example, Al has a negative effect on 

availability of Ca and Ρ uptake. Manganese also has a negative influence on ion 
uptake in the more acid soils and in some hydromorphic ones. 

B. Availability of Bases 

Uptake of bases (Ca, Mg, Κ) is governed by (1) their supply on or near the 
surface of the plasmalemma in plant cell walls of the cortex in the apparent free 
space (AFC); (2) the mechanism by which nutrients are taken up by plant roots 
(e.g., by which they pass the plasmalemma). 

The uptake of bases by plant roots varies among different groups of plants. 
An interesting point is that the ratio between cation and anion uptake is not the 
same for different groups of plants (de Wit et al., 1963). However, this is not 
discussed here. Only the more general aspects of the uptake mechanism are 
considered. 

At least two uptake mechanisms for bases exist. One is specific for a 
particular ion and the other is a common mechanism (Epstein, 1972; Schuffelen, 
1974), which is especially effective at higher ion concentrations. The specific 
mechanism is particularly important for K. All cations, including K, can be 
absorbed by the common mechanism. Hence, Κ acts as a competitor for other 
ions, especially Mg. The other ions are weaker competitors for Κ because the 
specific uptake mechanism for Κ is well developed. For Ca and Mg the ratios of 
their concentrations, or activities with other ions (especially Κ and Al) with 
which they compete for passage through the plasmalemma, are important. 

The nutrients, including bases, reach plant roots by mass flow and diffusion 
with an additional small contribution by root interception. The effect of the 
transport is greatly dependent on the concentration of nutrients in the soil 
solution. 

Concentrations of bases in soil solutions vary with the moisture content. 
More stable and hence, more meaningful, soil characteristics are the ratios of the 
"reduced concentrations" (see Bolt, 1976) or of the "reduced activities" of the 
different bases in the soil solution. "Reduced concentrations" are the normal 
concentrations of the monovalent ions, the square roots of the concentrations of 
the divalent ions, and the cube root of the concentration of Al. The ratios of the 
"reduced concentrations" or activities are relatively stable; they are in equili-
brium with the (normal) ratios of the bases on the CEC complex of the soil. 
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The cause of this equilibrium is that Ca and Mg are more strongly bound to 
the CEC complex than monovalent ions such as K. However, this situation 
applies only if the soil complex does not have a strong preference for the mono-
valent ions as is sometimes the case with clay minerals in relation to K. We 
may assume, however, that this is not the case for the top layers of the soils 
under discussion, in which the organic matter is the principal source of the CEC. 

The lesser bondage of Κ to the CEC complex results in relatively easy trans-
port to the roots. This, together with the easy passage through the plasma-
lemma, makes Κ a very mobile ion. The turnover of Κ as a part of the vegetation 
cycle is, as discussed later, also relatively fast—faster than the turnover of Ca and 
Mg. This mobility of Κ may explain why Κ is not strongly deficient in most 
natural ecosystems of the red and yellow tropical soils, although the reserve or 
total Κ can be extremely low. 

The activity ratio aKl(aC2i + aMg)
Vl
 or, on acid soils, a^/(aCa + ^ M g )

/ z + 
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 which a indicates the activity in the soil solution, is sometimes used 

as a measure of the availability of Κ (for discussion see Boyer, 1972). Informa-
tion on the ratios of reduced concentration or activities in soil solutions is, 
however, rather scarce. The data appearing in soil survey reports are mostly 
related to the bases of the cation exchange complex. They are often used as a 
measure of availability of the bases. Both absolute and relative amounts are 
important. For K, 0.10 mEq is seen as an absolute minimum for agricultural use, 
and it should be higher than 2% of the sum of exchangeable bases. 

Ca and Mg uptake is, as previously mentioned, not only a function of the Ca 
or Mg present, but is also strongly influenced by competition with other ions. 
Earlier studies stressed the mutual influence of Ca, Mg, and Κ on uptake. For 
example, Mg might be deficient because of high levels of K. It now appears that 
in the acid red and yellow soils of the humid tropics competition with Al is also 
very important. This follows for Ca uptake from the work of Zandstra (1972), 
who studied Ca uptake in acid Oxisols from the Llanos in Colombia and in acid 
Oxisols and Ultisols from Puerto Rico. 

Plant roots need small amounts of Ca for growth, particularly for plasma-
lemma functioning (Ca pectinates). Each root must absorb sufficient Ca for its 
needs because in most plants Ca is not translocated to the root tips (Harschner, 
1974). Hence, reduced Ca uptake may inhibit root growth. Zandstra (1972) 
concluded that in the soils studied root growth was inhibited by Ca deficiency 
at the root tip. 

Calcium uptake depended on the logarithm of the solution ratio (Ca)
2
/ 

(A1)
T
 at least if higher concentrations of either Κ or Mg were absent. With 

higher Κ and Mg concentrations, (K) and (Mg)"*" must be added to (Al)a" 
(parentheses indicate molar activities). He further related for practical purposes 
this ratio to ratios of bases and Al at the exchange complex. 
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The availability of bases in the red and yellow soils of the humid tropics 
varies from adequate to low. The reserves are, however, mostly low to very low. 
The bases at the CEC complex comprise a large portion of the total bases present 
in the soil. They act as a buffer and as a reserve. A balanced supply of bases to 
the plant is, however, easily upset, often due to the low amounts of bases at the 
CEC complex. 

Different aspects of the exchange complex will be illustrated with samples of 
three different soils from the Amazon region. These soils have much in common 
but differ in relation to their exchange complex. 

(1) A very fine textured kaolinitic Yellow Latosol from Bel terra (Bel terra 
clay), with low base saturation. This soil can be classified in Soil Taxonomy as a 
very fine kaolinitic isohyperthermic Haplic Acrorthox. 

(2) A "Terra Prêta dos Indios" developed in a soil similar to soil (1). Both 
base saturation and phosphorus content are high. The soil has an anthropogenic 
epipedon. The classification in Soil Taxonomy is, however, uncertain. 

(3) A "Terra Roxa estruturada" developed on basic igneous rocks, with a 
relatively high base saturation. It is a fine, oxidic, isohyperthermic Oxic Tro-
pudalf (most "Terra Roxa estruturada" are, however, Rhodudalfs). 

A low CEC is an important characteristic of Amazon soils. The organic matter 
contributes importantly to CEC, because the CEC of the clay fraction is very 
low. This contribution of the organic matter decreases with soil depth. In Fig. 1, 
the influence of organic matter on the CEC in the three different soils is shown 
in the presence of 100 g clay. 

The relation between mEq CEC and the percent of organic carbon (C) in the 
presence of 100 g clay can be expressed as (CEC determined at pH 7, see 
Vettori, 1969): 

CEC = 2.0 + 5.0 C (r
2
 = 0.98) (Belterra clay) 

CEC = 4.5 + 7.8 C (r
2
 = 0.998) (Terra Prêta dos Indios) 

CEC = 3.7 + 5.8 C (r
2
 = 0.999) (Terra Roxa estruturada) 

Cation exchange capacity for both the clay and organic matter is lower in the 
soil with lower base saturation than in the one with higher base saturation, and 
still higher in the "Terra Prêta dos Indios"; the values are, respectively, 2.0, 3.7, 
and 4.5 mEq for 100 g clay; 5.0, 5.8, and 7.8 mEq for 1 g C. The higher CEC 
might be related to less blockage of negative sites. 

The CEC given in Fig. 1 is measured at a pH of 7. However, under field 
conditions the effective CEC is lower. The effective CEC can be expressed as the 
sum of bases + the exchange acidity (mostly exchangeable Al). In soils (2) and 
(3) the exchange acidity is zero. The effective CEC for these soils is thus the 



same as the sum of bases. In soil (1) appreciable amounts of exchange acidity 
(exchangeable Al) are present. Figures 2 - 4 show the exchange acidity (Al), if 
present, the sum of bases, and the components Ca and Mg. Particularly striking 
are the low amounts of exchangeable bases of the kaolinitic Yellow Latosol in 
relation to the other two profiles, and the high percentage of exchangeable Al. It 
is greater than the sum of the bases. 

The amount of exchangeable Κ in the surface layers of the three soils varies 
from 0.10 to 0.28 mEq/100 g soil. The lowest amount is found in the kaolinitic 
Yellow Latosol; the highest in the "Terra Roxa estruturada." The amount of Κ 
in the "Terra Prêta dos Indios" is not much higher than in the Yellow Latosol 
and, relative to Ca and Mg, is much lower. The amount of K, expressed as a 
percentage of the sum of the bases for the three profiles, was 10, 2, and 0.5%; 
the highest percentage was in the kaolinitic Yellow Latosol and the lowest in the 
"Terra Prêta." 

Data on exchangeable Κ were compared with the already mentioned absolute 
minimum requirements for agricultural use. The Yellow Latosol has 0.10 mEq, 
while the "Terra Roxa estruturada" has a saturation percentage of 2%. Hence, 
both of these ecosystems are functioning at a level of Κ which for different 
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Fig. 1. The cation exchange capacity as a function of organic carbon (C) 
(in the presence of 100 g clay). o-Very fine textured kaolinitic Yellow 
Latosol; Δ - T e r r a Roxa estruturada; X-Terra Prêta. 
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Fig. 2. Exchangeable bases and exchange acidity in a kaolinitic Yellow 
Latosol as a function of organic carbon (in the presence of 100 g clay). 

reasons is regarded as minimal. The data on the activities of the equilibrium 
solutions (Fassbender et al, 1970) indicate that these activities are low and the 
same for both soils. The major difference between the "Terra Roxa estruturada" 
and the "Yellow Latosol" is that the amount of available K, which is almost all 
the reserve present, is much smaller or negligible in the Yellow Latosol. The only 
reserve that can be used for agriculture is stored in the vegetation and can be 
easily lost by leaching after burning or by crop removal. 

Fig. 3. Exchangeable bases in Terra Prêta as a function of organic carbon 
(in the presence of 100 g clay). 
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Fig. 4. Exchangeable bases in Terra Roxa estruturada as a function of 
organic carbon (in the presence of 100 g clay). 

The amounts of exchangeable Ca and Mg are often low in dystrophic red and 
yellow soils as are the concentrations (or activities) of Ca and Mg in equilibrium 
solutions (see, e.g., data of Fassbender et al, 1970). The concentrations (activi-
ties) are sometimes lower for these ions than for K, whereas the reverse is true in 
eutrophic soils. Exchangeable Ca and Mg are extremely low in the subsoil of the 
Yellow Latosol. It may be questioned whether Ca concentrations, in relation to 
Al, have reached such low levels that root growth of susceptible plants is greatly 
inhibited. 

C. Fixation and Availability of Phosphorus 

Much of the Ρ in old weathered soils is present as iron phosphates (Chang and 
Jackson, 1958). In addition to iron phosphate, organically bound phosphorus 
and Al phosphates are present (see, e.g., Vierra, 1966). The iron phosphates may 
be so strongly bound that they are unavailable for plant growth. Phosphorus 
thus bound cannot be leached. 
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Bennema (1974b) showed the following relation of total P 2 O s to F e 2 0 3 and 
organic carbon (C) content in Brazilian Oxisols: 

P 2 0 5 ( % ) = 0.002 + 0.010 X organic carbon (%) + 0.007 X F e 2 0 3 (%) 

(r = 0.85 and the confidence limits at 95% level for the coefficient of F e 2 0 3 

are 0.0065 and 0.0075). Figure 5 illustrates the relation of P 2 0 5 to F e 2 0 3 

for the means of different types of Oxisols. In addition to the relation of 
P 2 0 5 to F e 2 0 3 and C, the relation of P 2 0 5 to free A 1 2 0 3 was studied, but 
no significant relation was found. This does not necessarily mean that no 
Al phosphates were present, but that the amounts of Al phosphates were not 
correlated with the amount of Free A 1 2 0 3 . Phosphorus concentrations in 
younger soils are in many cases considerably higher than in older soils, because 
of higher amounts of phosphate in weatherable minerals (mainly in apatite) and 
as secondary Ca and Al phosphates. When the soils become older and more 
strongly weathered, some Ρ is obviously lost (leaching, erosion), as shown in the 
lower percentages of P 2 0 5 in the older soils, and the Ρ carried by the rivers to 
the ocean, estimated to be 3.5 million tons/year (Epstein, 1972). 

I , ι , ι , ι 
0 10 2 0 3 0 

F e 20 3( % ) 

Fig. 5. The relationship of the average P 2 0 5 contents with the average 
F e 2 0 3 contents of six different groups of Latosols. A-kaolinitic Yellow 
Latosol (on sediments); B-Red-Yellow Latosol; C-Humic Latosol; D-Dark 
Red Latosol; Ε-Red Latosol of the Rio Grande do Sul; F-Dusky Red Latosol 
(Terra Roxa légitima). The line represents the function with a constant (aver-
age) C content of 0.9%. 
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Much of the Ρ that is not lost is transformed into iron phosphates and 
organically bound P. Transformation of Ρ to iron phosphates in soils is to be 
expected because iron phosphates under acid conditions are less soluble than Ca 
or Al phosphates. 

The amount of P 2 0 5 in the upper 20 cm of the older tropical soils normally 
varies from 400 to 4000 kg/ha, depending largely on the iron content. In younger 
soils more than 4000 kg/ha may occur. Under natural conditions very old soils may 
have achieved a near equilibrium in which small amounts are gained annually 
through rainfall (±0.3 kg/ha) and small amounts are lost by leaching, erosion, 
and through the air. The small annual losses and gains add up to a large amount 
over the age of these soils. The soil and plants together act as a buffer with two 
competing subsystems, the mineral cycle and the organic cycle. The amount of Ρ 
in the organic cycle depends on saturation of the total system and on the fixing 
power of the organic cycle in relation to that of the mineral soil. In the very old 
soils where saturation is low only small amounts of Ρ can be expected in the 
natural vegetation. 

If Ρ is added to the soil, both the mineral cycle and the organic cycle will take 
their toll. It is not surprising that efficient use of fertilizers in the red and yellow 
soils is difficult because much of the added fertilizer is fixed by the soil. 

To obtain higher yields, one might ask (1) whether the red and tropical soils 
should first be corrected with large amounts of Ρ fertilizers, and later more Ρ 
applied annually, or (2) whether management techniques should be developed in 
which the Ρ fertilizer touches the mineral soil as little as possible so that Ρ is 
absorbed by plants with minimal interference from the mineral soil. Different 
possibilities for such management techniques exist. In the tropics, large invest-
ments in fertilizers often are not economically feasible. Hence, correcting soil 
with Ρ is practical only when relatively small amounts are needed. 

The relation of fixation of added Ρ and soil characteristics has been widely 
studied. The soil is generally mixed with solutions of different concentrations of 
Ρ and the amounts of Ρ that stay in solution or are bound are determined. 
Phosphorus fixation in red and yellow tropical soils is generally medium to high 
and lower than in volcanic ash soils with allophanes, and similar to or higher 
than in many soils of temperate regions. Variations in fixation of added phos-
phorus in different red and yellow tropical soils most often are a function of 
clay content, free A 1 2 0 3 and F e 2 0 3 content (see, e.g., Leal and Velloso, 
1973a,b; Olson and Engelstad, 1972; Morelli, 1974). 

Organic matter counteracts Ρ fixation (Moshi etal, 1974), while low pH favors 
it. The influence of pH is partly reversible, at least on a short-term basis (Leal 
and Velloso, 1973b). If the pH is increased some of the Ρ fixed earlier can be set 
free. The influence of pH on fixation is related to the decrease in solubility of Fe 
and Al phosphates as pH is lowered. Aluminum phosphates may precipitate in 
the soil or in the root cortex (McCormick and Borden, 1974). The influence of 
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the low pH and related high Al concentration in the soil solution is an important 
factor in soil fertility in the humid tropics because soils with low pH are so 
common. 

In the laboratory, available Ρ is often measured at a pH different than that in 
the field. Thus the effect of the field pH on the availability of Ρ is obscured. For 
the interpretation of these data the field pH must be taken into account, as 
shown in Fig. 6, for cotton growing on lighter textured soils in Sâo Paulo State, 
Brazil. Three levels of response to Ρ are evident: (1) an area of no response 
probably because additions of Ρ were too small for these very low phosphate 
Soils; (2) an area of response by most soils; and (3) an area of lack of response by 
most soils because the combination of Ρ and pH is favorable for production of 
cotton. It follows from Fig. 6 that a pH between 6.2 and 6.6 is optimal for the 
supply of P. With lower pH higher "available P" is needed for the same level of 
supply. 

From both short- and long-term experiments the following features of Ρ 
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Fig. 6 . Response of cotton to phosphorus as a function of soil phosphate 
extracted with oxalate and of pH. o -No response; X-significant;+-highly 
significant. Lighter textured soils, Sâo Paulo, 1957-1958 (Campinas, 1960). 
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fixation have been deduced. Added Ρ is first fixed on kaolinites and on the 
surface of the iron oxides and by free aluminum oxides. Some of the Ρ begins to 
form iron phosphates, first in a nonoccluded form and later, in part, in an 
occluded form. The time change to iron phosphates can probably be measured in 
years. Wessel (1971) found in cacao soils of Nigeria that, after some years, much 
of the added Ρ was in the form of iron phosphates. An additional part will be 
incorporated in the organic matter. It follows from these studies that in many 
soils the amounts of Ρ necessary to "correct the soil" are very large, if an 
attempt is made to saturate the soil until Ρ concentration in the soil solution is 
optimal for plant growth. In particular, large amounts of Ρ must be added to 
soils with high contents of allophane, silicate-clay minerals, gibbsite, or iron 
oxides. The amounts needed may vary from tens to many hundreds of kilograms 
Ρ per hectare. Therefore in most cases it is not feasible "to correct the soil" by 
heavy application of P. A reduction of Ρ fixation by liming, if lime is available 
near the site, and by maintaining a sufficient supply of organic matter is often 
more practical. Some investigators hope that addition of silicate, e.g., in the 
form of silicate slag to the strongly weathered red and yellow soils, may be a 
practical way of lowering the phosphate fixation and thus rendering added 
phosphorus fertilizers more available to the crop (see Olson and Engelstad, 
1972). 

V. NUTRIENT RELATIONS 

Most plant communities in the humid tropics are closed and efficient ecosys-
tems which exist on a very small nutrient budget. In contrast to ecosystems of 
the temperate regions, the cycling nutrient capital is for a substantial part found 
in the living plants themselves, the shifting cultivation in the tropics is based on 
the use of these nutrients, which are freed by burning of the vegetation devel-
oped during the fallow period. Permanent or semipermanent agriculture also 
uses the nutrients derived from vegetation and decomposing organic matter in 
the early years. It is, therefore, important to discuss nutrient storage and cycling 
in different vegetation types. 

The most common vegetation types of the humid and subhumid tropics are 
the rain forest, the semideciduous forest, the deciduous forest, and various 
savanna types. The savanna types are partly natural, such as the cerrado of 
Brazil. In other areas the savannas are anthropogenous. The amounts of 
available nutrients in the anthropogenous savanna system vary widely with the 
original eutrophy of the site and with the stage of degradation. 

It sometimes is assumed that the lush tropical rain forests have high natural 
fertility. This is far from true, as will be shown by discussing nutrient cycling in 
a 40-year-old mature secondary forest in Ghana near Kade and in a virgin 
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Amazon forest. The latter is of special ecological interest because it represents 
vegetation of an almost flat surface that is about a million years old. With 
respect to nutrient cycling, this site is in or near equilibrium. Nutrients lost by 
leaching (erosion presumably is absent) are balanced by the amounts gained by 
the air from outside. The ecosystem thus represents a real climax vegetation. It is 
found in a tropical lowland with about 2000 mm rain a year and a dry period of 
about three months. 

Such old and stable surfaces also occur in central Brazil under subhumid 
climate with a more marked dry period. The vegetation, in this case a savanna 
type (cerrado), must be regarded as an edaphic type. The soil is too infertile to 
maintain a forest, which in this climatic zone would be a deciduous forest. 
Obviously such a forest cannot maintain a sufficient fertility level and changes 
into a "cerrado." This is due to a loss of nutrients associated with occasional 
natural fires or heavy rains in the otherwise dry season, when much of the plant 
cover is still not active enough to fix the nutrients. It is understandable that 
primitive agriculture did not find any use for these infertile soils. 

Nye and Greenland (1960) studied nutrient cycling in West-African eco-
systems, including the Kade forest in Ghana, a 40-year-old mature secondary 
forest about 60 km from the sea. The soil was characterized as a rather eutrophic 
"Latosol." It probably would not be classified in the Soil Taxonomy asanOxisol 
(these are rare in West Africa). The Kade forest is an interesting counterpart of 
the dystrophic Amazon forest. The amounts of nutrients received from rain in 
the Amazon forest and Kade forest are shown in Table I. 

In the Amazon forest nutrients are in equilibrium because the amounts 
received approximately equal those lost by leaching. 

The gain is partly from rainfall and partly from rainwash (through the canopy 
and along tree stems and branches). The additional nutrients returned in rain-

TABLEI 
Nutrients Supplied Annually by Rain and Lost by Drainage in an Amazon Forest and 

Kade Forest in Ghana 

Ν Ρ 

kg/ha 

Κ Ca Mg Ref. 

Manaus (Amazon) 10.0 0.3 n.d* 3.7 3.0 Stark (1972) 
Received by rain 
Lost with drainage water 5.8 0.1 6.5 4.9 2.6 

Kade-Ghana received by rain 13.0 0.4 16.0 11.0 10.0 Nye and Greenland 
(1960) 

a
n.d.—not determined. 
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wash are derived from the vegetation, e.g., from leaves (important for K) and 
from dust. The amounts of nutrients returned by rain and rainwash in the Kade 
forest are higher than for German forests possible because of the desert dusts 
(Harmattan). However, Κ may be largely derived from leaves. 

The importance of nutrients in rainwash in the Kade forest is shown when 
they are compared with those returned by litter. About 200 kg/ha Kare returned 
annually by rainwash and only 60 kg/ha by litter. The amount of Ρ returned by 
rainwash (3 kg) is about half of that returned by litter. It appears that the Kade 
forest receives a constant, but low nutrient supply from the desert. Although the 
contribution of nutrients from rain and dust is rather unimportant for agriculture, 
this is not necessarily true for a natural ecosystem. An annual contribution of 
0.4 kg/ha of Ρ from rain alone would mean 400 tons/ha (40 kg/m

2
) in a million 

years. Although most soils are younger than 1 million years old, many are still 
old enough to have received large amounts of nutrients, but they have also lost 
large amounts. Hence, nutrient balance in old soils seems to depend largely on 
the "fixing capacity" of the system more than on the nutrient content of parent 
materials. 

Table II shows stored nutrients and annual nutrient sources for the Walter 
Egler Reserve near Manaus in Brazil, the Kade forest in Ghana, and a mixed 
forest in the Congo. 

Lower amounts of Ρ, K, Ca, and Mg were returned in litter in the Walter Egler 
Reserve than in the Kade forest or Congo forest. The amount of litter in the 
Walter Egler Reserve also was low for a rain forest and lower than that of the 
other two forests. It is likely that net productivity of the Walter Egler Reserve 
was limited by nutrient availability. 

In the Kade forest the amounts of K, Ca, and Mg stored in the vegetation 
were about the same as those present as exchangeable bases in the soil. There 
was about ten times as much Ρ in the vegetation as was available in the soil. The 
Ρ in vegetation will be made available for agricultural use by burning. Total 
nutrients in vegetation of the Amazon are not given, but low amounts may be 
expected because the nutrient content of the litter is very low, and a low Ρ 
status is indicated by the low N/P ratio of the litter. 

The data for Ghana indicate that Κ recycles faster than Ca and Mg, and much 
of the Κ in rainwash is derived from leaves and not from dust. About 35% of the 
Κ in the vegetation is returned annually to the soil. For Ca this amount is 12%; 
for Mg, 20%; for P, 12%; and for N, 14%. 

Because of its high mobility in an ecosystem, Κ need not be limiting for 
plant growth, even if low amounts are present. However, low Κ reserves can be 
depleted by leaching or removal with crops (e.g., cassava). If the nutrient cycle is 
not functioning optimally, Κ is easily lost because it has only weak competitive 
capacity for exchange sites in most tropical soils. 



TABLE II 
Nutrient Cycling in Three Forest Ecosystems 

kg/ha 

Ν Ρ Κ Ca Mg Ref. 

Walter Egler yearly litterfall 105 2.2 12.7 18.4 12.6 Klinge and Rodrigues (1968) 
Reserve, Manaus 

soil (± 25 cm depth) total avail. exchangeable Based on data by Equipe de Solos 
2000 10 150 200 100 (1969) 

Mixed forest, yearly litterfall 200 6 43 94 46 Laudelout (1961) 
Congo 

stored in vegetation 1100 110 850 1900 300 

Kade forest, yearly litterfall 178 6.5 61 184 40 Nye and Greenland (1960) 

Ghana timberfall 32 2.6 5 73 7 
rainwash 11 3.3 196 26 16 

stored in vegetation 1600 100 700 2300 300 
(40-year-old forest) 

soil (± 25 cm depth) total avail. exchangeable 
4000 10 600 2000 300 
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The large amount of Ρ in the vegetation of the Kade forest would ensure a 
high yield for many years after release by burning. However, some of the Ρ is 
fixed and becomes unavailable. Hence, plants may become deficient in P. The 
low soil pH after leaching of Ca may further inhibit Ρ uptake by plants. 

In well-developed forests about 200 kg N/ha are returned annually to the soil 
in the litter. 

In the secondary forest of Kade there was an average gain of 1600 kg Ν in 40 
years in the vegetation store, or 40 kg a year. Ν was also accumulated in the soil 
organic matter. This amounted in total (vegetation + soil) to about 75 kg/year. 
Annual fixation then approximates 75 kg plus the annual losses. The Ν stored 
in the vegetation is, however, not available for agricultural use because it is lost 
by burning. 

The number of years that crops can be grown after the forest has been cleared 
without added fertilizer depends on the site, the crop, and management prac-
tices. Nevertheless, fertilizers are necessary eventually because nutrients in the 
red and yellow soils, as well as the vegetation, are always limited. Shifting cultiva-
tion efficiently uses nutrients of the organic cycle on a low production level. An in-
crease in yield, without additions of fertilizer, eventually leads to site degradation. 

VI. ORGANIC MATTER 

Organic matter is a very active component of the red and yellow tropical 
soils. The cation exchange complex and storage and availability of Ν and Ρ are 
directly related to soil organic matter. This also is probably true for most minor 
elements. Hence, the changing amount of organic matter, as well as its influence 
on soil structure and erosion, are important in tropical agriculture. With a de-
crease in organic matter content, Ν, P, organically bound minor elements, and 
exchangeable bases can be released. As organic matter is increased some nutrients 
become fixed and rendered unavailable. Hence management practices that con-
trol the amount of organic matter can be the important factors in efficient use 
of nutrients. For these reasons, the factors that control the amounts and 
distribution of organic matter in tropical soils will be discussed briefly. Organic 
carbon content will be used as a measure of organic matter content. 

Because the organic carbon content of soil is influenced by climatic and soil 
factors (Jenny, 1941), these should be evaluated with respect to their influence 
on the amount of carbon added to the soil and on the mean residence time of 
the organic carbon in the soil. 

The organic carbon content in soils under equilibrium conditions is a linear 
function of the amount added (Ad) and its mean residence time (R). Organic 
carbon (%) - Ad X R. Equilibrium, or near equilibrium conditions, are present in 
most red and yellow tropical soils under natural vegetation. In tropical lowlands 
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the organic carbon contents of such soils are relatively low (high temperature, 
short residence time) and relatively high in tropical highlands (high temperature, 
long residence time). High clay contents tend to conserve organic carbon (long 
residence time). This is even more true for allophanes. 

For equilibrium conditions the distribution of organic carbon with soil depth 
(organic carbon profile) can be considered a function of the amount of carbon 
added and its residence time at each depth. Under natural vegetation the organic 
carbon profiles of Oxisols and related deep soils can often be described as 

C = ap
b
 or log C= log α + b log ρ 

in which C is the theoretical organic carbon content; p, soil depth; a and b are 
constants; and a is the content at 1 cm depth (Bennema, 1974a,b). Organic 
carbon profiles of a forest ecosystem in the Amazon valley and natural grass-
lands on dystrophic Oxisols are shown in Figs. 7 and 8. 

Organic matter profiles of the very fine textured Amazonian Oxisols can be 
described approximately as C=ap~

0
'
5
, which is valid to a soil depth of ±2m. The 

value of a depends strongly on soil texture, and for the Amazonian very fine 
textured Oxisol is about 4.5. Thus, C = 4.5/p^ at a depth of 1 cm the carbon 
content is thus about 4.5% and at a 16 cm depth about 1%. It thus decreases 

10 1 1 1 1 ι ι ι 1 1 1—ι—ι ι ι ι ι 1 1 1—-

S a m p l e s of 

1 5 10 50 100 5 0 0 
d e p t h ( c m ) 

Fig. 7 . The relation of organic carbon with depth in kaolinitic Yellow 
Latosols and sands in the Amazon region; ρ = depth (cm). 
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Fig. 8. The relation of organic carbon with depth in natural grasslands of 
Rio Grande do Sul. Vacaria 49 (o) and 14 (X), Durox 8 (•) and Bom Jesus 47 
( Δ ) ; ρ = depth (cm). 

rapidly with depth. Figure 7 further shows that a is about 2.7 for the medium 
textured soils. In the sandy forest soil a is about 2.4, and still lower for sandy 
savanna soils. 

Carbon profiles are different for soils supporting only grasses. In "grassland 
Oxisols" in southern Brazil (Rio Grande do Sul) C = 5 .5p"

0 , 3
. This relation is 

valid to a 90 cm depth (Fig. 8). A grassland profile from the Kenya-Kisii area 
shows almost the same function: C = 6 .1p"

0 , 25
 (van Wissen, 1974). The value of 

the exponent for ρ of - 0 . 3 and -0 .25 indicates that the decrease of organic 
carbon with depth in the surface layers is less than in most forest Oxisols. 

A comparison of carbon profiles for grasslands and the dystrophic forest 
shows (1) a greater decrease in organic carbon with depth in the forest soil and 
(2) a relatively high total amount of organic carbon in the grassland profile in 
view of its relatively low production of organic matter. Net production of 
organic matter by grassland often is no more than one-half or one-third that of a 
forest ecosystem, but this is not reflected in total organic matter present in the 
profile. The residence time (e.g., conservation capacity) in dystrophic grassland 
soils is obviously higher than in dystrophic forest soils. 
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The residence time of carbon in tropical forest and grassland profiles increases 
with depth (Herrera and Tamers, 1971; Scharpenseel, 1971; Martel and Paul, 
1971). Residence time at the soil surface can be counted in years and at a 30-cm 
depth in hundreds of years. 

In tropical dystrophic forest ecosystems the organic matter is mainly de-
posited at the soil surface as litter and is not well mixed in the soil (Klinge and 
Fittkau, 1972; Fittkau and Klinge, 1973). Hence, most of the organic is decom-
posing in the zone where residence time is short so the total amount of organic 
matter in the soil is low. In grasslands a higher percentage of the organic matter 
is derived from grass roots. Grasses and herbs have many roots. These proliferate 
faster than tree roots and are deposited deeper in the soil where the conservation 
capacity is higher. Hence grassland profiles have higher organic matter content 
and their dark topsoils are deeper than in dystrophic forest profiles. It is further 
possible that the dead grass roots are more efficient than litter as in the building 
of humus. A similar effect on the amount of organic matter and development of 
dark topsoils occurs in other eutrophic forest profiles if earthworms are active. 

It is important to recognize that the conservation capacity for organic carbon 
is strongly influenced by factors other than climate and soil. Maintaining a high 
organic matter content is important for sustained plant production. However, 
the amount of organic matter added to soils in most man-made ecosystems is 
lower than under natural conditions. The organic matter decomposes even faster 
in most agricultural soils than in natural ecosystems. This need not occur if 
proper techniques are used for conservation of organic matter. The conserva-
tion capacity of man-made ecosystems might be increased by adding less organic 
residues to the surface and more to the subsoil. In addition to other techniques 
it is important to pay attention to the kind of organic materials added and to 
influencing microbiological decomposition. 

In most soils maintenance of an adequate amount of organic matter, together 
with an acceptable nutrient level, can be achieved only if a chemical fertilizer or 
organic matter is applied. However, this is not necessary during the initial 
agricultural occupation of previously forested area. The nutrients released by 
burning or by decomposition of organic matter become available to plants. If 
not used by crops they may be leached or strongly fixed. It is important, 
therefore, that during initial agricultural use, plants with dense and rapidly 
proliferating root systems be used. Grasslands following forests in the Amazon 
are a good example. 

REFERENCES 

Beek, Κ. J., and Bennema, J. (1972). Evaluacion de tierras para la planifîcacion del 
uso-rural-un metoda ecologico. Bol. Lat.-Am Fomento Tierras Aguas FAO/PNUD 
No. 3. 



54 Jakob Bennema 

Bennema, J. (1974a). Organic carbon profiles in Oxisols. Pédologie 119-146. 
Bennema, J. (1974b). Oxissolos brasileiros. An. Decimo. Q. Cong. Bras. Cienc. Solo., pp. 

7-35. Soc. Bras, de Ciência de Solo. 
Bolt, G. H. (1976). Adsorption of cations by soil. In "Soil Chemistry," Vol. 5A. Elsevier, 

Amsterdam. 
Boyer, S. (1972). Soil potassium. In "Soils of the Humid Tropics," pp. 102-135. Natl. 

Acad. Sei., Washington, D. C. 
Chan, H. Y., and Pushpajajah, E. (1972). "Productivity Potentials of Common Clones on 

Common Rubber Growing Soils." Rubber Res. Inst. Malaya, Kuala Lumpur. 
Chang, S. C , and Jackson, M. L. (1958). Soil phosphorus fractions in some representative 

sous./. Soil Sei. 9 (No. 1), 109-119. 
de Wit, C. T., Dijkshoorn, W., and Noggle, J. C. (1963). Ionic balance and growth of plants. 

Versl. Landbouwkd. Onderz. 96.15, 66. 
d'Hoore, J., and Coulter, J. K. (1972). Soil silicon and plant nutrition. In "Soils of the 

Humid Tropics," pp. 163-174. Natl. Acad. Sei., Washington, D. C. 
Dobereiner, J., Day, J. M., and von Bulew, J. F. W. (1975). Associations of nitrogen fixing 

bacteria with roots of forage grass and grain species. Int. Winter Wheat Conf., 1975. 
Drosdoff, M. (1972). Soil micronutrients. In "Soils of the humid tropics," pp. 150-162. 

Natl. Acad. Sei., Washington, D.C. 
Epstein, E. (1972). "Mineral Nutrition of Piants, Principles and Perspectives." Wiley, New 

York. 
Equipe de Solos (1969). "Os Solos Da Area Manaus-Itacoatiara," Estudos e ensaios No. 1. 

IPEAN, Beiern. 

FAO-UNESCO. (1971). "Sou Map of the World," Vols. 1 and IV. UNESCO, Paris. 
Fassbender, H. W., Vieira, L., and Stabiii, Μ. Ε. (1970). Gleichgewichte der Kationen und 

Freisetzung von Kalium in einigen Boden von Amazonas in Brasilien. Kali-Briefe, 
Discipline 4, Soil Science, No. 46. 

Fittkau, Ε. J., and Klinge, Η. (1973). On biomass and thropic structure of the Central 
Amazonian rainforest ecosystem. Bio tropica 5(1), 2-14. 

Harschner, Η. (1974). Calcium nutrition of higher plants. Neth. J. Agric. Sei. 22, 275-282. 
Herrera, R., and Tamers, M. A. (1971). Radiocarbon dating of tropical soil associations in 

Venezuela. Paleopedol: Origin, Nat. Dating Paleosols, Pap. Symp., 1970 pp. 109-115. 
Janssen, Β. Η., and van der Weert, R. (1976). The influence of fertilizers, soil organic matter 

and soil compaction on maize yields on the Surinam "Zanderij Soils." "Plant and 
Sou," Vol. 46. Netherlands. 

Jenny, H. (1941). "Factors of Soil Formation." McGraw-Hill, New York. 
Klinge, Η. (1973). "Struktur und Artenreichtum des zentralamazonischen Regenwaldes," 

Amazoniana 4(3), 283-293. 
Klinge, H., and Fittkau, E. J. (1972). Filterfunktionen im Ekosystem des Zentralamazo-

nischen Regenwaldes. Mitt. Dtsch. Bodenkd. Ges. 16, 130-135. 
Klinge, H., and Rodrigues, W. A. (1968). Litter production in an area of Amazonian Terra 

Firme forest. Part 1. Litter-fall, organic carbon and total nitrogen contents of litter. 
Part 2. Mineral nutrient content of the litter. Amazoniana 1(4), 287-310. 

Laudelout, H. (1961). "Dynamics of Tropical Soils in Relation to their Fallowing Tech-
niques." FAO, Rome. 

Leal, J. R., and Velloso, A. C. X. (1973a). Adsorcao de Fosfato em Latossolos sob 
Vegetacao de Cerrado. Part I. Pesqui Agropecu. Bras., Ser. Agron. 8, 81-88. 

Leal, J. R., and Velloso, A. C. X. (1973b). Dessorcao do Fosfato adsorvido em Latossolos 
sob Vegetacao de Cerrado. Part II. Reversibilidade da Isoterma de Adsorcao de 



Soils 55 

Fosfato em relacao ao pH da Solucao em Equilibro. Pesqui. Agropecu. Bras., Ser. 
Agron. 8, 89-92. 

McCormick, L. H., and Borden, F. Y. (1974). The occurrence of aluminum-phosphate 
precipitate in plant roots. Soil Sei. Soc. Am., Proc. 38, 931-934. 

Martel, Υ. Α., and Paul, Ε. Α. (1974). The use of radiocarbon. Dating of organic matter in 
the study of soil genesis. Soil Sei. Soc. Am., Proc. 38, 501-505. 

Morelli, M. (1974). Fatores que influem na retencao e disponibilidade de Fosforo em 
Algumas. Unidades de Solo do Rio Grande do Sul. An. Decimo Q. Congr. Gene. 
Solo., pp. 191-205. Soc. Bras, de Ciência do Solo. 

Moshi, A. O., Wild, Α., and Greenland, D. S. (1974). Effect of organic matter on the charge 
and phosphate adsorption characteristics of Kikuyu Red Clay from Kenya. Geoderma 
11,275-286. 

Nye, P. H., and Greenland, D. J. (1960). "The Soil Under Shifting Cultivation," Tech. 
Commun. No. 51 . Commonwealth Bureau of Soils, Harpenden, England. 

Olson, R. Α., and Engelstad, O. P. (1972). Soil phosphorus and sulfur. In "Soils of the 
Humid Tropics," pp. 82-101 . Natl. Acad. Sei., Washington, D. C. 

Sharpenseel, H. W. (1971). Radiocarbon dating in soils problems, troubles, hopes. Paleo-
pedol: Origin, Nat. DatingPaleosols, Pap. Symp., 1970 pp. 77-89. 

Schuffelen, A. C. (1974). Aspects of potassium and magnesium uptake by oats. Neth. J. 
Agric. Sei. 2 2 , 237-244. 

Sombroek, W. G. (1966). "Amazon Soils." Pudoc, Wageningen, Netherlands. 
Staff, Instituto Agronomico-Campinas. (1960). "Ensaios de Adubacao do Algodoeiro," Bol. 

No. 114. Instituto Agronomico-Campinas. 
Staff, Soil Survey. (1975). "Soil Taxonomy." Agr. Handb. No. 436, Soil Conservation 

Service, U.S.D.A., Washington, D.C. 
Stark, N. (1972). Nutrient cycling pathways and litter. Bioscience 2 2 , 355-360. 
van Wambeke, A. (1974). "Management Properties of Ferralsols," Soils Bull. No. 23, FAO, 

Rome. 
van Wissen, H. L. M. (1974). The influence of cultivation practices on the organic carbon 

content of some deep soil in Kisii District. M.S. Thesis, Wageningen, Netherlands. 
Vettori, L. (1969). Metodos de analyse de solo. Bol. Tec. no. 7, Equipe Pedol. Fertil. Solo 

(Braz.J. 
Vieira, L. S. (1966). "Occorencia e formos de fosforo em solos da Amazonia, Brasil." 

Instituto Interam. de Ciencias Agricolas, Turrialba. 
Wessel, M. (1971). Fertilizer requirements of cacao in South-Western Nigeria. Ph.D. Thesis, 

Wageningen, Netherlands. 
Zandstra, H. G. (1972). Aluminum toxicity in some highly weathered soils of the tropics. 

Ph.D. Thesis, Cornell University, Ithaca, New York. 



C H A P T E R 

3 

Rice 

SHOUICHI YOSHIDA 

I. Introduction 57 
II. Adaptation to Environment 58 

A. Response to Photoperiod 59 
B. Response to Temperature 61 
C. Response to Water 66 

III. Climatic Factors Affecting Growth and Yield 67 
A. Temperature 67 
B. Solar Radiation 70 
C. Rainfall and Water Requirements 73 
D. Integrated Effects of Temperature and Solar Radiation . 74 

IV. Annual Productivity in Temperate Regions and the Tropics . 78 
V. Growth Pattern and Growth Duration 79 

VI. Engineering for Higher Yields 82 
References 83 

I. INTRODUCTION 

Because the rice plant is highly adaptable to its environment and because man 
has succeeded in modifying the environment, rice can now be grown in widely 
different locations and under a variety of climatic environments. 

Geographically, rice is grown in northeastern China at latitude 50°N, central 
Sumatra on the equator, New South Wales, Australia, and in Uruguay, South 
America at latitude 35°S. It is grown below sea level in Kerala, India, at sea level 
in many rice-growing areas, and at elevations above 2000 m in Kashmir and 

57 
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Nepal. It can be grown under upland conditions, moderately submerged condi-
tions, and in 150 to 500 cm of water. 

Oryza sativa, the dominant rice species, is believed to have originated some-
where in Southeast Asia. Today, it is cultivated in Asia, Africa, Europe, North 
America, Central America, South America, and Oceania. Production statistics 
reveal that Asia is not only the "home area" of Oryza sativa, but also continues 
to be overwhelmingly the major rice-growing area of the world (Table I). On 
other continents, including Africa, where Oryza glaberrima, the other cultivated 
species of Oryza, originated, Oryza sativa is a newly introduced crop. 

The average rice yield ranges from less than 1 to more than 6 tons/ha (Food 
and Agriculture Organization, 1972). There are a number of biological, environ-
mental, and socioeconomic reasons for the large differences in rice yield. This 
chapter discusses some basic concepts that help establish a clearer understanding 
of the adaptability of rice cultivars to different environments, analyzes climatic 
factors that affect rice yield, and briefly discusses the growth pattern of rice as a 
crop and some cultural manipulations that increase yields. 

II. ADAPTATION TO ENVIRONMENT 

The duration of growth of a rice cultivar and the extent to which it is 
affected by daylength and temperature principally determine its specific adapta-
bility to the regular crop season in a given location (Chang and Vergara, 1971). 

Of the cultivated species, Oryza sativa, Indica variety group is being widely 
grown in tropical regions, such as Southeast Asia; the other variety group, 
Japonica, which is adapted to cooler areas, is largely grown in temperate 

TABLE I 
World Rice Production, 1 9 7 \

a 

Area Production Average 
Region (million hectares) (million tons) yield (tons/ha) 

Asia* 124.5 286.6 2.30 
South America 5.7 9.2 1.63 
Africa 3.9 7.7 2.00 
North and Central America 1.4 5.3 3.73 
Europe

0 
0.8 3.2 4.30 

Oceania 0.1 0.3 6.24 
World 134.1 309.1 2.30 

a
Food and Agriculture Organization (1972). 
^Including China, 
including USSR. 
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countries, such as central and northern China, Korea, and Japan. Both Indica 
and Japonica varieties can also be grown in subtropical regions such as Taiwan. 

Varieties adapted to temperate climate are insensitive or only weakly sensitive 
to daylength and can tolerate low temperatures, while varieties grown in the 
tropical climate have different degrees of sensitivity to daylength and are 
susceptible to low temperatures (Table II). 

A. Response to Photo period 

Photoperiodism of rice has held the interest of geneticists and physiologists 
for the past 50 years. Vergara et al (1969) published a concise and useful review 
on this subject. 

Growth of the rice plant can be divided into three stages—vegetative, repro-
ductive, and ripening. The vegetative stage is further divided into a basic 
vegetative phase and a photoperiod-sensitive phase. The rice plant must attain a 
certain amount of growth—it usually must be 14 to 63 days old—before floral 
initiation can be triggered by short days. Because the very young plant is 
insensitive to photoperiod, the early growth stage has been termed the basic 
vegetative phase. Following this phase the plant enters a photoperiod-sensitive 
phase (psp) during which floral initiation can be triggered by short days. The psp 
of photoperiod-insensitive varieties varies between 0 and 30 days, while that of 
sensitive varieties lasts 31 days or much longer. 

The length of the vegetative stage accounts mainly for the large differences 
(100 to 180+ days) in the time required to reach harvest among different rice 
varieties. 

TABLE II 
Responses by Rice Varieties Grown in Different Regions to Photoperiod and 

Temperature
0 

Region Response to photoperiod Response to temperature 

Temperate Insensitive to weakly Tolerant to low temperatures at 
sensitive seedling stage and reproductive stage 

Subtropical Insensitive; weakly Varying levels of high-temperature effect on 
sensitive to strongly basic vegetative phase. Varying degrees of 
sensitive tolerance to low temperatures at seedling 

stage. Basic vegetative phase generally 
unaffected by high temperatures 

Tropical Weakly to strongly Development retarded by low temperatures 
sensitive in many at seedling stage; spikelet fertility reduced at 
varieties; insensitive reproductive stage. Basic vegetative phase 
in a few varieties unaffected by high temperatures 

fl
Chang and Vergara (1971). 
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As is easily understood from the wide geographical distribution of rice, 
daylength during the growing season in rice-producing areas varies from 11 to 16 
hours (Moomaw and Vergara, 1965). Response curves of seven varieties to 
photoperiod are shown in Fig. 1 (Chang and Vergara, 1971). 

Information on duration of daylight at different latitudes and in different 
months is obtained, for instance, from the Smithsonian Meteorological Tables. 
In applying the results of laboratory studies to field performance, the usual 
"duration of daylight" may not be satisfactory since natural daylength is defined 
as the interval between sunrise and sunset, and since very low light intensities 
affect photoperiodic responses of rice in some experiments (Vergara et al.y 

1969). For this reason, civil twilight may be added to natural daylength when 
laboratory studies need to be applied to field studies. A traditional Thai variety, 
Siam 29, strongly sensitive to photoperiod, does not flower when subjected to 
photoperiods longer than 13 hours. Improved varieties released by the Interna-
tional Rice Research Institute (IR8, IR5, IR20, IR22) and the University of the 
Philippines, College of Agriculture (C4-63) are weakly sensitive to photoperiod. 
Variety IR12-178 is completely insensitive to photoperiod and flowers in the 
same number of days after sowing under different daylengths. Most varieties in 
northern Japan are also completely insensitive to photoperiod (Sakamoto and 
Toriyama, 1967; Wada, 1952). 

Plant breeders at the International Rice Research Institute have endeavored 
to select photoperiod-insensitive varieties (Beachell and Jennings, 1965), which 

Fig. 1 Effect of four photoperiod treatments on the seeding-to-heading 
period of seven rice varieties (Chang and Vergara, 1971). 
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can flower and ripen throughout the year. The use of photoperiod-insensitive 
varieties makes the planning of rice cultivation more flexible and more suitable 
to the multiple cropping system characteristic of progressive agriculture. On the 
other hand, the photoperiod sensitivity of rice varieties continues to be a useful 
characteristic under certain environments. 

Floating rice is planted early in the season, when the soil can still be worked, 
and usually is harvested when the flood waters have receded. It matures at the 
time the annual flood waters recede, about 180 to 200 days after sowing. Such a 
long growth period requires a photoperiod-sensitive variety. So far, there is no 
known tropical variety that has a long growth period and is not sensitive to 
photoperiod (Vergara et al, 1969). 

Photoperiodic sensitivity may function as a safety mechanism when the onset 
of the rainy season is considerably delayed (Oka, 1958). In most areas of 
tropical Asia, the onset of the rainy season is unpredictable and varies from year 
to year, whereas the end of the rainy season is fairly fixed. Thus, when planting 
is delayed because of delayed onset of the rainy season, a photoperiod-sensitive 
variety may still mature at its usual time, regardless of shortened growing 
periods. On the other hand, a photoperiod-insensitive variety requires a specified 
length of growing time for flowering and hence maturity. Thus, such a variety 
will suffer from drought at later growth stages after rainfall ceases. 

Most traditional rice varieties in the tropics are sensitive to photoperiod, have 
long maturity periods, and are tall. When these varieties are grown with high 
levels of applied nitrogen they tend to lodge at later growth stages, resulting in 
very low grain yields. Takahashi et al (1967) observed in Thailand that the 
popular photoperiod-sensitive varieties have a short growth period and usually 
are shorter when the farmers are forced by weather to transplant them later than 
at the usual time. In a delayed-planting experiment the September transplant-
ings, two months later than usual, gave the highest yield for all varieties (Table 
III). By utilizing the photoperiodic sensitivity of the traditional Indica rice 
varieties "delayed planting" prevented excessive growth and lodging, resulting in 
high grain yields. 

B. Response to Temperature 

The response of the rice plant to temperature is much more complex and less 
understood than its response to daylength. The effects of temperature on growth 
and development of rice have been reviewed by Ishizuka et al (1973), Nishi-
yama (1974), Owen (1971c), and Satake (1969). 

Temperature affects growth of rice in two ways. First, a critically low or high 
temperature defines the environment under which the life cycle of the rice plant 
can be completed. Second, within the critically low and high temperature range, 
temperature influences the rate of development of leaves and panicles and the 
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TABLE III 
Yield of Traditional Tropical Rice in Relation to Transplanting Time

0 

Yield (kg/ha) 

Variety July August September October November 

Bangkhen 293 229 3478 4791
b 

3386 2435 
Luang Tawng 101 67 2455 4121 3098 2234 
Nang Mon S-4 155 2222 2971 2010 1174 
Puang Nahk 16 4136 4104 4769 3492 2388 
Jao Luang 11 158 1791 3571 2120 2681 
Khao Dok Mali 105 66 1219 3031 3020 1820 
BaiLod 104 388 1758 3519 2241 2019 
Khao Pak Maw 17 265 1537 3820 2187 1528 

"Takahashieffl/. (1967). 
^Italic figures indicate highest yields. 

rate of ripening, thereby fixing the duration of growth of a variety under a given 
environment, and eventually determining the suitability of the variety to the 
environment. 

The critically low or high temperatures vary from one growth stage to 
another (Table IV). These critical temperatures differ according to variety, 
duration of critical temperature, diurnal change, and physiological activity of the 
plant. 

Subjecting the rice plant to temperatures below 20°C at about the meiotic 
stage of the pollen mother cells—about 11 days before heading—usually induces 
a high percentage of spike let sterility (Satake, 1969). Differences among rice 
varieties in response to low temperatures at this stage of development have been 
clearly demonstrated. When a susceptible variety, Norin 20, was held at 15°C for 
4 days, 51% of the spikelets were sterile, while a resistant variety, Hayayuki, 
under similar conditions produced only 5% sterile spikelets. Temperature as low 
as 12°C will not induce sterility if it lasts for only 2 days, but 6 days at 12°C 
will induce almost 100% sterility. Thus, not only the magnitude, but also the 
duration of ambient temperatures affects the response of the rice plant to low 
temperature. When the daily mean temperature was maintained at 17.5°C, the 
10°C difference between day and night, i.e., 22.5°/12.5

Q
C, decreased sterility 

considerably but the 5°C difference (20°/15°C) induced the same high sterility 
percentage as did the 0°C difference regime (17.5°/17.5°C). This suggests that a 
lower daytime temperature has a greater influence at the meiotic stage of pollen 
mother cells than does a lower nighttime temperature. On the other hand, 
nighttime temperature was more critical for floral initiation during the vegetative 
stage (Owen, 1969, 1972a,b). When variety IR8 was exposed to cool night 



TABLE IV 
Response of the Rice Plant to Varied Temperatures at Different Growth Stages 

Critical temperature 

Optimum 
Growth stage Low High temperature References 

Germination 16°-19°C 45°C 18°-40°C Chang and Vergara (1971); Nishiyama (1976) 
Seedling emergence 12°-13°C 35°C 25°-30°C Nishiyama(1976) 

and establishment 
Rooting 16°C 35°C 25°-28°C Nishiyama (1976) 
Leaf elongation 7°-12°C 45°C 31°C Nishiyama (1976) 
Tillering 9°-16°C 33°C 25°-31°C Nishiyama (1976) 
Initiation of panicle primordia 15°C - - Owen (1969, 1972a,b) 
Panicle differentiation 15°-20°C 30°C - Nishiyama (1976); Satake (1969) 
Anthesis 22°C 35°-36°C 30°-33°C Poggendorft (1932); Kusanagi and Washio (1974); 

Sato et al. (1973); Tanaka and Wada (1955); Vergara et al (1970) 
Ripening 12°-18°C >30°C 20°-29°C Nishiyama (1976); Yoshida and Parao (1976) 
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temperature (15°C) during the vegetative stage and to a daytime temperature of 
30°C, no panicle primordia were initiated. The same cool night temperature 
during the reproductive and ripening stages had an adverse effect, but did not 
have a similar dramatic effect during the vegetative stage (Owen, 1972a). More 
than 2 hours of cool night at 15°C delayed floral initiation of the variety 
Taichung Native 1 (Owen, 1972b). 

Yatsuyanagi (1960) demonstrated that rice seedlings raised in upland beds 
could be transplanted when the daily mean temperature was about 13°-13.5°C, 
but seedlings raised in lowland nursery beds could be transplanted only when the 
daily mean temperature rose to 15.0°-15.5°C. Upland-grown rice seedlings have 
a higher starch and protein content, and thus have higher rooting capacity than 
lowland-grown seedlings. 

The above examples illustrate the complexity of temperature effects on the 
different stages of rice growth and development. Hence, care must be taken to 
interpret critical temperatures, such as those shown in Table IV. 

When optimum temperatures last for relatively short periods, it is important 
that the rice variety selected flower and mature before the temperature drops 
below the critical temperature, or that planting areas are suitable for rice 
cultivation. Temperature summation or heat sum is often used foi this purpose 
(Chang, 1968; Went, 1957). Temperature summation is the sum of daily mean 
temperatures for an entire growing period or for the period from sowing to 
flowering. The temperature summation indexes of 14 Japanese rice varieties for 
the period from sowing to flowering range from 1000 to 3000 degree-days, 
depending on varieties, latitudes, and planting seasons (Toriyama et al, 1969). 

The predictive ability of temperature summation indexes for phasic develop-
ment, and hence growth duration, of a rice variety under a given environment is 
based on the following: 

(1) Temperature affects the rate at which a leaf develops (leafing rate). The 
higher the temperature, the faster the leafing rate (Komoda, 1958; Nagai, 1963; 
Yoshida, 1973). In addition, leafing rate is rapid in early stages of growth, and it 
slows down after initiation of panicle primordia. In terms of temperature 
summation indexes, the development of one leaf requires about 100 degree-days 
before panicle initiation and about 170 degree-days after panicle initiation 
(Komoda, 1958). Three to four leaves usually develop after panicle initiation. If 
a variety develops 16 leaves on the main culm before heading, 12 leaves develop 
before panicle initiation and 4 leaves develop later. Thus, 1200 degree-days are 
required for the first 12 leaves and 680 degree-days for the last 4 leaves. 
Additionally 250 degree-days are needed between flag leaf and heading. If a 
variety is grown at a mean temperature of 25°C, about 85 days are required to 
develop all 16 leaves. 

(2) The number of leaves developed on the main culm before heading is 
fairly constant for a given variety. Most early- to medium-maturing varieties 
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develop about 10 to 18 leaves on the main culm. The number of leaves that 
develop on the main culm is constant for photoperiod-insensitive varieties. For 
example, Tainan-3 develops 15 leaves (Tanaka et al, 1964) and IR747B2-6,13 
leaves (Yoshida and Parao, 1976) at Los Banos, Philippines, regardless of the 
planting season. On the other hand, photoperiod-sensitive varieties, Peta and 
BPI-76, develop 16 to 21 leaves and 13 to 23 leaves, respectively, depending on 
the planting season (Tanaka et al, 1964). 

(3) As a result of (1) and (2), the number of days from sowing to flowering 
becomes fairly constant for a photoperiod-insensitive variety under a given 
temperature regime. 

(4) Temperature affects the rate of grain filling after flowering. Ripening 
persists for 30 days at a daily mean temperature of about 29°C to 53 days at a 
daily mean temperature of 18°C (Yamakawa, 1962). In terms of temperature 
summation indexes, the above figures correspond to 870 to 954 degree-days. In 
other studies, ripening requires about 700 to 800 degree-days (Ishizuka et al, 
1973; Komoda, 1958). For this reason the length of the ripening period varies 
from 64 to 66 days in cool regions such as Hokkaido, Japan, and Yanko, 
Australia to 30 days in warm regions such as Los Banos, Philippines, and 
Taichung, Taiwan. Temperature appears to be the predominant factor in the 
variation in length of the ripening period, varietal differences being small. 

Generally an early-spring-planted crop in the temperate region requires larger 
temperature summation indexes and a variety adapted to warm climate, when 
planted in cool regions, requires larger temperature summation indexes. To 
explain these observations, Asakuma (1958) introduced "base temperature" into 
temperature summation indexes. The estimated base temperature of 30 varieties 
ranges from about 9° to 18°C. If the base temperature is subtracted from daily 
mean temperature, the temperature summation indexes for the sowing-to-head-
ing period range from about 600 to 1000 degree-days, depending on variety. 
Varieties adapted to warm climates have higher base temperatures. Since temper-
ature summation indexes are useful, primarily because they provide an estimate 
of the growth duration of a given variety under a given environment, a meticu-
lous attempt to estimate an accurate base temperature for individual varieties 
may lower the value of temperature summation indexes; such an attempt will 
make the computation of temperature summation indexes more complex. As a 
compromise, a uniform base temperature, such as 10°C, may prove more useful 
in predicting the approximate growth duration under low temperature regimes. 
In this regard, Chang and Vergara (1971) found that a minimum temperature 
was better correlated than the temperature summation indexes with growth 
duration of IR8 rice planted at three locations. However, they obtained three 
different regressions for different locations, which indicated that the minimum 
temperature alone would not sufficiently account for the growth duration of 
IR8 at different locations. 



66 Shouichi Yoshida 

Temperature summation indexes will probably be useful in predicting the 
growth duration of photoperiod-insensitive varieties or the feasibility of cultivat-
ing them under a given environment. 

Ishizuka et al (1973) discussed the use of temperature summation for rice cul-
tivation in Hokkaido, Japan, where photoperiod-insensitive varieties are grown 
and where low temperature is the major factor limiting the growth of rice. In 
southern Japan, it is possible to grow two rice crops a year. Komoda (1958) 
estimated that two rice crops require 4400 to 4800 degree-days, and demon-
strated that in regions below 36°N latitude in Japan, two rice crops can be 
successfully grown using early maturing, photoperiod-insensitive varieties. 

C. Response to Water 

One major characteristic of the rice plant is its ability to thrive in water, 
where the oxygen supply is limited. Because the rice plant has special tissues 
through which air can be transported from shoot to root (Arashi and Nitta, 
1955; Arikado, 1953), it can be grown successfully in low-lying areas, such as 
swamps and other poorly drained areas. The transport of oxygen from shoot to 
root was demonstrated by the use of luminescence bacteria (Kumada, 1949), by 
oxidation of leucomethylene blue to methylene blue (Mitsui, 1960), and by the 
use of

 15
 Ο (Barber et al, 1962). 

Deep-standing water often inhibits seed germination and subsequent growth 
of the rice seedling. Some Indica varieties require more oxygen than some 
Japonica varieties for germination, rooting, and subsequent seedling growth 
(Takahashi, 1971). Consequently, seeds of these Indica varieties need exposure 
to air or to be under shallow standing water to ensure germination and rooting. 

Depending on topography and rainfall pattern, low-lying areas may be sub-
jected to different water depths and to different durations of high water. 
Vergara et al (1976) proposed three categories for deep-water areas. 

(1) Deep-water areas, where the water level is more than 150 cm up to 500 
cm and where water usually remains in the field for three to four months. 
Bangladesh and Thailand have large acreages of deep-water rice. Special varieties 
known as "floating rice" are planted in these areas. 

(2) Flooded areas, where the water level is less than 150 cm and the water 
usually remains in the field for several months. The margins of deep-water areas, 
low-lying areas, and tidal swamps are of this nature. India has a large flooded 
area in which the varieties used are usually the tall Indica type and are known as 
"flood rice." 

(3) Submerged areas, where the water level is variable but the plants usually 
are completely submerged. The duration of submergence also varies. In some 
areas, submergence occurs almost every year while in many lowland rice fields 
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submergence occurs only during typhoons or unusually heavy continuous rains. 
No special varieties are used in these areas. 

Floating rice has the ability to withstand an abrupt rise in water level and to 
grow rapidly above the water level. Floating rice can grow as tall as 600 cm. It 
normally elongates at 2-10 cm per day, but it can elongate by as much as 25 cm 
per day (Vergara et al, 1976). 

With respect to water regimes, rice varieties are often classified into lowland 
and upland varieties. It is not clear, however, if these two groups differ in some 
fundamental physiological functions. Upland rice varieties often are tall, early 
maturing, the resistant to blast: characterstics which are readily found in 
lowland varieties and, hence, are not specific to upland varieties. 

III. CLIMATIC FACTORS AFFECTING GROWTH AND YIELD 

A. Temperature 

Even within the critical low and high temperatures, temperature has a more 
complex relationship with tillering, spikelet formation, ripening, and hence grain 
yield than does solar radiation since there is usually an optimum value for 
different physiological processes and since the optimum temperature varies with 
variety. Therefore, the results of an experiment depend on whether the range of 
temperatures studied is above or below the optimum temperature and on the 
variety used. 

Temperature greatly influences growth rate just after germination (Fig. 2); 
the higher the temperature, the greater the growth rate. At later stages (3-5 
weeks after sowing), however, temperature only slightly affects the tillering rate 
and the relative growth rate except at the lowest temperature studied. During 
the reproductive stage, within a temperature range of 22° to 31°C, the spikelet 
number per plant increases as the temperature drops. Thus, the optimal tempera-
ture appears to shift from high to low as growth advances from the vegetative to 
the reproductive stage (Yoshida, 1973). Low temperatures promote an increased 
number of spikelets in rice; this concurs with the findings from studies with 
other agronomic crops where relatively low temperatures have been found to 
increase the size of the inflorescence, the number of spikelets, the number of 
florets per spikelet, and the grain yield of perennial ryegrass (Ryle, 1965), wheat 
(Owen, 1971a,b;Thorne et al, 1968), and barley (Tingle et al, 1970). 

The mean optimum air temperature for ripening of rice in Japan has been 
reported to be about 20° to 22°C (Aimi et al, 1959; Matsushima et al, 1957; 
Matsushima and Tsunoda, 1958; Tanaka, 1962). This optimum temperature 
agrees with the results of statistical analysis of effects of climatic factors on rice 
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Fig. 2 Effects of temperature on growth of IR8 in a controlled environ-
ment (Yoshida, 1973). 

yield (Hanyu et al, 1966; Munakata et al, 1967; Murata, 1964). There are 
optimum combinations of day and night temperatures for each stage of grain 
development of rice (Matsushima et al, 1957, 1964; Matsushima and Tsunoda, 
1958). A low nighttime temperature appears to favor ripening; this may be 
related to the effect of temperature on respiration (Yamamoto, 1954). The 
mean optimum air temperature decreases progressively from 21° to 14°C as the 
grain develops (Matsushima et al, 1957, 1964). 

In the tropics, however, a daily mean temperature as high as 28° or 29°C does 
not appear to be detrimental to ripening when solar radiation is high. High yields 
of from 8 to 10 tons/ha are obtained at Los Banos, Philippines, when rice crops 
ripen in April and May. These two months are characterized by high tempera-
tures and high solar radiation. It is also possible that Indica varieties are better 
adapted to high temperatures while Japonica varieties require low temperatures 
for better ripening. 

Temperature appears to influence the ripening of rice in two ways. First, low 
temperature favors an increase in weight per grain (Nagai, 1963; Murata, 1974). 
The 1000 grain weight in rice is generally a varietal character and, hence, is 
almost constant under different environments and different cultural practices. 
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However, the 1000 grain weight of the same variety has been shown to vary, in 
the 3 week period after heading, from about 24 g at a mean temperature of 22°C 
to 21 g at a mean temperature of 28°C (Murata, 1974). 

Second, the length of the ripening period is inversely correlated with daily 
mean temperature (Yamakawa, 1962); the higher the temperature, the shorter 
the ripening period. Thus, persistent cloudy weather conditions will be more 
detrimental to grain filling under high temperatures because of a shorter ripening 
period. In fact, a combination of high temperature and low solar radiation can 
seriously impair ripening (Matsushima et ai.y 1957). 

In our recent studies on influence of temperature on ripening of one Indica 
(IR20) and one Japonica variety (Fujisaka 5), we found that upper spikelets 
matured in 13 days for IR20 and 18 days for Fujisaka 5 after an thesis at a mean 
temperature of 28°C (Fig. 3). Within the same panicle, date of anthesis among 
different spikelets usually varies by about 3 days. In the field, it takes about 14 
days for all the panicles to emerge. Thus, in the tropics where the daily mean 

20 
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Fig. 3 Effect of temperature on grain growth of IR20 and Fujisaka 5. 
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temperature ranges from 25° to 30°C, duration of ripening becomes about 30 
days after the beginning of panicle emergence. In rice agronomy, heading date is 
usually defined as the date when 50% of the panicles have emerged. If we take 
this as zero day of ripening, the duration of the ripening period becomes about 
23 days after heading in the tropics. 

The optimum temperature range for ripening of the whole panicle was 19° to 
25°C for IR20 whereas it was 16° to 22°C for Fujisaka 5. Thus, IR20 appears to 
be better adapted than Fujisaka 5 to high temperatures. 

B. Solar Radiation 

Solar radiation is the only form of energy utilized in photosynthesis by green 
plants while temperature or heat is not used in the photosynthetic process. Thus, 
the amount of solar radiation affects rice growth through photosynthesis. 

The solar radiation requirements of a rice crop differ from one growth stage 
to another (Stansel et al, 1965; Yoshida and Parao, 1976). Shading during the 
vegetative stage only slightly affected yield and yield components (Table V). 
During the reproductive stage, however, shading had a very pronounced effect 
on spikelet number and, hence, on yield. The spikelet number per square meter 

TABLE V 
Effect of Shading at Different Growth Stages on Yield and 

Yield Components of IR747B2-6
0 

Yield component 

Sunlight Grain yield Harvest Spikelet Filled 1000 
(%) (tons/ha) index no./m

2 
grain (%) grain wt (g) 

Vegetative stage 
100 7.11 0.49 41.6 88.9 20.0 

75 6.94 0.48 40.6 89.9 19.9 
50 6.36 0.51 38.3 89.5 19.9 
25 6.33 0.51 38.1 84.3 19.8 

Reproductive stage 
100 7.11 0.49 41.6 88.9 20.0 

75 5.71 0.47 30.3 87.8 20.3 
50 4.45 0.40 24.4 89.4 19.5 
25 3.21 0.36 16.5 89.4 19.1 

Ripening stage 
100 7.11 0.49 41.6 88.9 20.0 

75 6.53 0.49 41.1 81.1 20.0 
50 5.16 0.44 40.6 64.5 19.5 
25 3.93 0.38 41.7 54.9 19.1 

a
Yoshida and Parao (1976). 
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was positively and linearly correlated with dry matter production during the 
reproductive stage, implying that spikelet number may be linked with photosyn-
thetic production during the reproductive stage. Shading during the ripening 
period also reduced grain yield considerably, because of a decrease in the 
percentage of filled grain. In comparing the relative importance of solar radiation 
at different stages of growth in terms of grain yield, the effect of solar radiation 
on grain yield can be seen to be the most marked at the reproductive stage, 
followed by the ripening stage (Fig. 4). The overall effect of solar radiation 
during the vegetative stage on grain yield is extremely small. A yield of 4 tons/ha 
can be obtained with 200 cal cm"

2
 day"

1
 during the reproductive stage (Fig. 4) . 

To achieve the same yield, less solar radiation is required by the crop during the 
ripening period. 

The amounts of solar radiation at eight locations (eight countries) in rice-
growing areas are shown in Table VI. During the major rice cropping season, the 
monthly average of daily solar radiation ranges from about 300 to 700 cal cm"

2 

day"
1
 in most places. Thus, it is unlikely that incident radiation limits rice yield 

in most countries where a national average yield is below 4 tons/ha. A consis-
tently high yield of 10 tons/ha is obtained in experimental fields in New South 
Wales, Australia (Boerma, 1964). The high incident solar radiation (Table VI) is 
considered one of the major reasons for this high yield. 

When photosynthesis is restricted during ripening by cloudy weather, stored 
carbohydrates appear to be able to support growth of the rice grain despite the 
fluctuations in weather (Yoshida, 1972). A field study in which

 14
 C was 

supplied to a rice crop showed that 68% of the stored carbohydrates were 
translocated into the grain, 20% were respired during the ripening period, and 

Fig. 4 Effect of solar radiation at different growth stages on grain yield of 
IR747B-26 (Yoshida and Parao, 1976). 



TABLE VI 
Solar Radiation Data (cal-cm 2 -day"1 ) at Eight Locations of Rice-Growing Areas 

Location Jan. Feb. Mar. Apr. May June July Aug. Sep. Oct. Nov. Dec. 

Griffith, Australia0 700 670 520 380 260 250 240 340 460 560 720 710 
Madras, India0 476 556 608 574 568 486 432 456 532 397 356 370 
Djakarta, Indonesia* 361 382 400 396 374 361 388 426 451 422 397 370 
Milano, Italyb 62 133 220 366 493 499 515 430 325 188 84 47 
Saga, Japan 206 295 330 393 381 322 375 444 349 349 298 228 
Los Banos, Philippines 336 432 479 568 500 442 402 373 379 363 317 295 
Bangkok, Thailand* 424 434 481 516 427 425 420 392 374 393 421 428 
Davis, USA* 158 256 402 528 636 702 690 611 498 348 216 148 

flC.S.I.R.O., Division of Irrigation Research, Griffith, N.S.W., Australia, meteorological data (1931-1967). 
öHayashi(1972). 
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12% remained in the vegetative tissues. The amount of the translocated carbo-
hydrate was equal to about 21% of the grain carbohydrate, or equivalent to 
about 2 tons/ha of rough rice (Cock and Yoshida, 1972). 

Under rain-fed rice culture and where the temperature is within critical low 
and high temperatures, rainfall is perhaps the most limiting factor in rice 
cultivation. When irrigation is provided, growth and yield of rice are determined 
largely by temperature and solar radiation. Because of unpredictable variation in 
the frequency and amount of rainfall for a given location and from year to year, 
it is extremely difficult to find a simple relationship between rainfall and grain 
yield. At best, only the probable occurrence of drought can be predicted based 
on long-term records (Sastry, 1976). It is also difficult to generalize on the water 
requirements of the rice crop because of the large variations in topography, soil 
characteristics, and length of the crop-growing period among different locations. 
Currently, however, rice cultivation appears to be limited to areas where the 
annual rainfall exceeds 1000 mm (Kung, 1971). 

The water requirements of rice crops in 43 locations in China, Japan, Korea, 
Philippines, Vietnam, Thailand, and Bangladesh are summarized in Table VII 
(Kung, 1971). 

Transpiration is the loss of water through leaf surfaces and evaporation is the 
loss of water from a free water surface in an irrigated crop. Crop growth or leaf 
area growth is an increase in the "evaporation surface" in a physical sense. 
Transpiration loss increases with the increasing leaf area index (LAI) and reaches 
a plateau at an LAI of 3.5 to 4.0. At the plateau LAI, the transpiration loss is 

C. Rainfall and Water Requirements 

TABLE VII 
Water Requirement of an Irrigated Rice Crop

0 

By water loss 
Transpiration 
Evaporation 
Percolation 

1.5-9.8 mm/day 
1.0-6.2 mm/day 

0.2-15.6 mm/day 

5.6-20.4 mm/day 
By field operation 

Seed nursery 
Land preparation 
Field irrigation 

40 mm 
200 mm 

1000 mm 

1240 mm/crop 

"Kung (1971). 
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about 6 ± 2 mm/day (Kato et al., 1965a), and it accounts for about 90% of the 
évapotranspiration loss (Kato et al., 1965b). 

Percolation loss is largely affected by topography, soil characteristics, and 
depth of the water table. Studies in Japan indicate that the water requirement of 
rice grown on sandy soils is about three times greater than that of rice grown on 
clay soils (Fukuda and Tsutsui, 1968). This difference is due largely to the 
difference in loss of water due to percolation. In fact, among the three ways 
water is lost from irrigated rice during the cropping season, the largest variation 
occurs in the percolation losses (Table VII). The total water loss ranged from 5.6 
to 20.4 mm/day in irrigated rice, but most of the observed values for total water 
loss fell within the range of 6-10 mm/day. Thus, on the average, about 200-300 
mm of rainfall per month are needed to produce a reasonably good crop of rice. 

Culture of upland rice differs from that of irrigated rice in several aspects. 
First, the absence of levees allows water loss due to surface runoff during heavy 
rains; this is further increased by the sloping topography of most upland fields. 
Second, evaporation from the soil surface is much lower in upland fields than in 
flooded fields at early stages of growth. At later stages of growth, however, the 
difference may be negligible because water loss due to evaporation from the soil 
surface is only 10% of that lost by évapotranspiration. Third, transpiration per 
unit of the LAI is greater in upland crops than in lowland crops, presumably 
because of the drier environment in upland fields (Kato et al, 1965a). If rainfall 
is evenly distributed, 200-300 m/month should be sufficient to produce a 
good rice crop. Under such conditions, the water losses due to percolation and 
surface runoff would be negligible. However, the rainfall pattern in most places 
is erratic and disproportionate. In lowland fields, the effective daily rainfall is 
defined as being not less than 5 mm and not more than 50 mm (Fukuda and 
Tsutsui, 1968). In upland fields, however, the upper limit of effective daily 
rainfall should be much less because the loss due to surface runoff would be 
greater in upland fields. Water stress, due to lack of rainfall or lack of irrigation, 
can retard the growth of rice. The most critical stage for grain yield is the period 
from about 10 days before flowering to flowering (Table VIII). Severe water 
stress at this critical stage causes high percentages of sterility, thereby reducing 
grain yield. Since the response is irreversible, an adequate supply of water at 
later stages is totally ineffective. On the other hand, water stress during the 
vegetative stage may reduce final plant height, reduce tiller number, and reduce 
leaf area, but the plant can recover from this retarded growth if water is supplied 
to the plant in sufficient time to permit its recovery before flowering. 

D. Integrated Effects of Temperature and Solar Radiation 

If the water supply is adequate, temperature and solar radiation appear to be 
the predominant factors affecting rice yield. The influence of climate, however, 
is apparent only when a good variety is grown with adequate spacing, on good 
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TABLE VIII 
Effects of Drought on Yield and Yield Components of Rice

a 

Drought treatment Yield Panicle Sterility Filled 1000 
(days from heading) (g/hill) (no/hill) (%) grains (%) grain wt(g) 

-55 18.0 11 11 70 21.8 
-51 16.8 11 9 66 22.0 
-43 19.5 11 14 65 21.5 
-35 20.0 12 11 60 20.5 
-27 17.0 11 12 54 20.2 
-19 15.7 11 34 52 20.8 
- 1 1 6.5 10 62 29 21.6 
- 3 8.3 10 59 38 20.9 
+ 5 16.5 11 10 59 21.9 
+13 20.5 10 7 66 22.5 

No stress 22.7 10 15 65 21.9 

"Matsushima (1962). 

soil, with an ample and timely nutrient supply, and with thorough control of 
pests and diseases. The yield difference between dry and wet seasons is pro-
nounced only when the LAI is high or the grain yield is above 5 tons/ha (Fig. 5). 

The grain yield of a rice crop can be expressed as 

yield (tons/ha) = spikelet number/m
2
 X grain weight (g/1000 grains) X , . 

filled grain (%) X 1(T
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Fig. 5 Relationship between grain yield and leaf area index at heading in 
wet and dry season, 1966-1971, "Variety" IR8 (Yoshida and Parao, 1976). 
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Spikelet number per square meter is determined before flowering. Grain weight 
and filled grain percentages are determined during the period from just before 
flowering to maturity. Thus, weather conditions before and after flowering can 
affect the rice yield in different ways. 

A number of studies in Japan indicated that yield per spikelet decreased with 
increased spikelet number per unit land area; this led many rice scientists 
working in temperate and tropical regions to study ripening as the most impor-
tant stage affecting final crop yield. 

In Japan, Murata (1964) found a close correlation between grain yield and 
solar radiation and daily mean temperature for August and September. Hanyu et 
al (1966) also found a high correlation between grain yield and hours of 
sunshine and the daily mean temperature for the 40 days of the ripening period. 
Since these two studies were made on data collected from different localities 
where the soil and climate differed, the question of whether the effects of 
climatic factors on yield were adequately separated from those of soil factors 
remains unanswered. Murakami (1973), by growing rice in the same synthetic 
medium in different localities, also demonstrated close correlation between grain 
yield and daily mean temperature and hours of sunshine for 40 days of ripening 
period. These investigators developed formulas similar to the following: 

Y = S[a-b(t-c)
2
] (2) 

where Y is grain yield, S is incident solar radiation or sunshine hours, t is average 
daily mean temperature, and a, b, c are constants. In spite of different sources 
of data, the optimum average daily mean temperatures for ripening were about 
the same; they ranged from 21.4° to 21.8°C. This optimum temperature for 
ripening agrees with findings obtained experimentally (Aimi et al, 1959;Matsu-
shima et al, 1957; Matsushima and Tsunoda, 1958; Tanaka, 1962). 

Munakata et al. (1967) derived a rather complex formula for a relationship 
between grain yield, solar radiation, temperature, and crop parameters, such as 
grain number and leaf blade weight. Most recently, Murata (1976) attempted an 
extensive analysis of the International Biological Program (IBP) experiments 
conducted in Japan, and derived the following formula: 

r = 382+ 0.627W/0 S (3) 

where Y is yield in g /m
2
, W0 is dry weight in g/m

2
 at heading time, and S is 

average daily solar radiation in cal cm"
2
 day"

1
 for the six weeks after heading. In 

this relation, W0 was considered a better measure than spikelet number per 
square meter not only for representing the yield capacity but also for represent-
ing the average size of photosynthetic organs during the grain-filling period. 
Thus, the weather conditions before flowering affect the yield capacity of a crop 
and the size of the photosynthetic surface for ripening. 

A high correlation was shown in the tropics between grain yield and solar 
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radiation during the ripening period (Moomaw et al, 1967) or during 45 days 
from 15 days before flowering to harvest (De Datta and Zarate, 1970). In 
addition, Tanaka et al (1966) demonstrated a close association between grain 
yield and dry weight increase after flowering, suggesting that ripening is the most 
critical stage in grain production even in the tropics. 

Since a major portion of grain carbohydrate comes from current photosyn-
thesis during the ripening period (Yoshida, 1972), active photosynthesis during 
ripening is obviously important. However, whether ripening is more limiting to 
grain yield than any other growth stage under a given locality is yet another 
matter. In rice, the sink size of a crop is largely determined by spikelet number 
per square meter. Spikelets serve as a sink after fertilization and, therefore, sink 
size is determined not only before flowering, but also at flowering. Hence, the 
relative importance of climatic influence before and after flowering depends on 
whether the sink size is limiting grain yield. 

Yoshida and Parao (1976) showed that spikelet number per square meter 
alone comprised 60% of yield variation while the combination of all the yield 
components accounted for 81% of yield variation. They derived the following 
relationship between grain yield and climatic influence for the experimental line 
IR747B2-6: 

25 27 29 
Daily mean tempature (°C) 

Fig. 6 Relationship between climatic productivity index and solar radia-
tion and temperature during 25 days before flowering at Los Banos, Philip-
pines (Yoshida and Parao, 1976). 
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Y = 5 ( 2 7 8 - 7.070 Χ 0.86 Χ 18.1 Χ ΙΟ"
5
 (4) 

where Υ is yield in tons per hectare, S is solar radiation in cal cm"
2
 day"

1
, r is 

temperature in °C during 25 days before flowering, 0.86 is the average filled 
grain percentage, 18.1 is the average 1000-grain weight, and 10"

5
 is a correction 

factor. The above formula implies that at Los Banos, Philippines, solar radiation 
and temperature during the reproductive stage (before flowering) have the 
greatest influence on rice yield because they determine the number of spikelets 
per square meter (sink size). Weather conditions during the ripening period are 
relatively stable and do not influence yield much. The relationship between daily 
mean temperatures and solar radiation during the reproductive stage and grain 
yield is shown in Fig. 6. A combination of low daily mean temperatures and high 
solar radiation gives a high yield. After examining the experimental results 
obtained at different locations in the tropics, however, Yoshida and Parao 
(1976) concluded that whether the weather conditions have a greater effect on 
rice yields before or after flowering is location specific or season specific. Thus, 
it is very important to examine the causes of yield variation, particularly the 
spikelet number per square meter and filled grain percentage under a given set of 
conditions. 

IV. ANNUAL PRODUCTIVITY IN TEMPERATE 
REGIONS AND THE TROPICS 

In temperate regions, one or two rice crops can be grown annually, while in 
the tropics, three to four crops a year are possible, provided irrigation is 
available. Thus, rice yield can be compared in two ways: on a per-crop basis and 
on an annual production basis. 

The maximum recorded yield per crop in Japan is 10.5 tons/ha of brown rice, 
which is equivalent to 13.2 tons/ha of rough rice (Agricultural Policy Study 
Commission, 1971). Rice variety IR8 yielded about 10 tons/ha in the dry season 
in Los Banos, Philippines (De Datta et al, 1968). On a yield-per-crop basis, the 
temperate regions appear to be more productive than tropical areas. In terms of 
annual production, however, the tropics have a greater potential than the 
temperate regions for rice production. 

In Hokkaido, Japan, where only one crop a year is grown, about 6.5 tons/ha 
were obtained in a normal year (Table IX). In this region, low temperature is 
often a major cause of crop failure; hence, rice yield is unstable depending on 
weather conditions. 

In southern Japan, where two crops can be grown in one year, a total of 
about 11 tons/ha was obtained from two crops. In Okinawa, the southernmost 
part of Japan, three crops a year are possible. One trial in the farmer's field 
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TABLE IX 
Annual Productivity of Rice in Temperate Regions and in 

the Tropics 

Location Crop season Yield (tons/ha) 

Hokkaido, Japan
0 

May-October 6.5 
(43°N) 

Kagawa, Japan* March-July 5.5 
(34°N) July-October 5.4 

10.9 

Okinawa, Japan
0 

January-June 6.2 
(27°N) June-August 4.9 

September-November 4.2 
15.3 

Los Banos, Philippines
d 

January-May 8.5 
(14°N) May-July 4.9 

July-October 5.9 
October-December 4.4 

23.7 

"Shiga et al. (1971), average of two years (1967 and 1968) for 
Sapporo. 

^Kornoda (1958), obtained for 1952. 
c
Shiraishi (1966), obtained for 1963. 

d
Yoshida and Parao (1976), average of 3 years (1971-1973). 

recorded 15.3 tons/ha from three crops. In the Philippines, a total of about 24 
tons/ha was recorded for four crops a year. 

These data clearly indicate that the potential annual rice productivity is much 
higher in the tropics than in the temperate region. In practice, continuous rice 
cropping may not be advisable because it may cause severe disease and insect 
problems. However, the tropical environment for rice cultivation at any time of 
the year provides great flexibility in planning rice production. 

V. GROWTH PATTERN AND GROWTH DURATION 

As mentioned earlier, the life cycle of the rice plant can be divided into three 
growth stages: vegetative, reproductive, and ripening. The vegetative stage ex-
tends from germination to initiation of panicle primordia and is largely charac-
terized by tillering. The reproductive stage is from initiation of the panicle 
primordia to flowering during which time the panicle primordia grow and 
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develop into the panicle. Morphologically, the reproductive stage is characterized 
by internode elongation. During this stage, the spikelet number, and, hence, 
potential sink size of a rice crop, is determined. At this stage, the rice plant is 
very sensitive to such environmental stresses as low temperature, low solar 
radiation, and lack of water. 

Ripening occurs from flowering to maturity. The major portion of grain 
carbohydrate is produced through photosynthesis during the ripening period, 
although some of the carbohydrate stored in the culms and sheaths before 
flowering is translocated into the grains. Thus, the life cycle of the rice plant 
includes sequential development of these three stages. 

Tanaka (1976) proposed that the growth pattern of a rice crop be divided 
into three groups (types A, B, and C) with respect to the time of initiation of 
panicle primordia relative to tiller increase (Fig. 7a). 

In type A, the initiation of panicle primordia begins soon after the maximum 
tiller number stage; the growth curve is generally type II or type IV (Fig. 7b); 
flowering is uniform and grain yield is high. 

In type Β of the growth pattern, tillering continues even after initiation of 
panicle primordia; the growth curve is often type III; flowering is irregular 
because of wide variation in the physiological age among tillers and grain yield is 
frequently low. 

In type C, tillering ceases long before the initiation of panicle primordia; the 

TYPE θ 

Days after planting Days after planting 

Fig. 7 (a) Diagram illustrating three types of phasic development. PI, 
Panicle-primordia initiation stage; F , flowering stage; H, harvest; Max. T, 
maximum tiller number stage, (b) Diagram illustrating various types of growth 
curves (adapted from Tanaka, 1976). 
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growth curve is generally type I; flowering is uniform but grain yield is often 
low. 

Growth patterns of types A, B, and C result from the interaction among 
variety, environment, and management. Among the climatic influences on 
growth curves of a rice crop, temperature appears to be predominant (Ishizuka, 
1971; Tanaka and Vergara, 1967). At high temperatures, the growth curve of a 
rice crop tends to be type I; at low temperatures, the growth curve is likely to be 
type III. Thus, the slowing of early growth in the tropics and its acceleration in 
cool regions may result in high yields with growth curve II or IV. The variety 
and cultural practices used under a given environment should be chosen with the 
objective of achieving type A growth pattern with a type II or type IV growth 
curve. 

The above growth patterns are mainly concerned with duration of the 
vegetative stage which, in turn, largely determines growth duration (sowing to 
maturity). Hence, there appears to be a close relationship between duration of 
growth and rice yield (Tanaka and Vergara, 1967; Tanaka etal, 1966;Kawano 
and Tanaka, 1968). 

In the tropics, with conventional cultivation methods and ordinary commer-
cial varieties, grain yields are highest when growth duration is about 130-140 
days (Tanaka and Vergara, 1967). The optimum growth duration is affected by 
varietal character, cultural practices, and environment. Kawano and Tanaka 
(1968) found that the optimum growth duration for maximum yield is 120 days 
at high nitrogen levels and 160 days at low nitrogen levels. Spacing affects the 
grain yield of an early maturing variety because less time is available for 
vegetative growth of the crop (Table X). At the closest spacing, however, a 

TABLE X 
Effect of Plant Spacing on Grain Yield of Three Varieties During Wet Season

0 

Variety (line) Spacing (cm) Growth duration (days) Grain yield (tons/ha) 

IR747B2-6 5 X 5 95 5.62 
10 X 10 95 4.70 
20 X 20 95 4.15 

IR22 5 X 5 114 4.92 
10 X 10 114 5.01 
20 X 20 114 4.57 

IR8 5 X 5 124 5.32 
10 X 10 124 5.31 
20 X 20 124 5.14 

"International Rice Research Institute Annual Report for 1970. 
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95-day rice variety can yield as much as a 124-day variety. Since it is difficult to 
achieve a spacing as close as 5 X 5 cm by the transplanting method, direct 
seeding would be preferable to transplanting for early maturing varieties. 

VI. ENGINEERING FOR HIGHER YIELDS 

A high grain yield of rice can be achieved only with the proper combination 
of variety, environment, and agronomic practices. Ishizuka (1969, 1971) at-
tempted to synthesize currently available information on rice physiology into a 
fundamental concept of engineering for higher yields. He emphasized (1) design-
ing a blueprint to obtain high yield, (2) tailoring an ideotype of a rice variety, 
and (3) manipulating desirable crop growth to achieve a target yield. 

The concept of yield components (Matsushima, 1970) is useful in designing a 
blueprint for a desired rice yield and also in finding the "defects" of a given 
crop. For example, the following combination of yield components would result 
in a yield of 6 tons/ha. 

6 tons/ha = 32 X 10
3
 spikelets/m

2
 (400 panicles/m

2
 X 80 spikelets/ 

panicle) X 0.85 filled grain (%) X 22 (1000-grain wt) Χ 10"
5 

The required spikelet number could be obtained if 20 X 20 cm spacing is used, 
i.e., 25 plants/m

2
, and each plant produces 16 panicles with 80 spikelets/panicle. 

Under reasonably good weather conditions, 85% of filled grains is normally 
expected, and 1000-grain weight is usually a varietal character; a similar example 
is described elsewhere (Chandler, 1969). Since the above computation is a kind 
of arithmetic, one cannot increase each of the yield components at his discre-
tion. For instance, when the number of panicles per square meter is increased by 
using high plant density, the number of spikelets per panicle is decreased 
(Yoshida and Parao, 1972). A possible maximum yield is predetermined by the 
yield potential of a variety and environment. For designing a blueprint of target 
yield and examining defects of a given crop, a computation of yield using yield 
components would be meaningful if a comparison is made with a good crop 
already achieved under a comparable environment. 

The tailoring of an ideotype variety and the choice of the right variety under 
a given environment are the keys to achievement of high yields. 

Since Tsunoda's pioneering work in Japan and the concerted effort of 
breeders and physiologists at the International Rice Research Institute, consider-
able attention has been paid to the relationship between morphological charac-
ters and yielding capacity (Yoshida, 1972). The close association between 
certain morphological characters of rice varieties and yield response to nitrogen 
application led to the "plant type concept" as a guide for breeding high-yielding 
varieties. In summary, a variety of a good plant type has short stature, stiff culm, 
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short and erect leaves, medium to high upright tillers, and a high harvest index 
(Chandler, 1968; Ishizuka, 1971; Jennings, 1964; Tanaka et al, 1966; Yoshida, 
1972). 

Cultural manipulation of the growth of a rice crop usually includes changing 
the spacing both in plant density and in planting pattern, and regulating the rate 
of fertilizer used and its time of application. Since such manipulations are 
greatly affected by variety and environment, the best combination of cultural 
practices, usually location specific or season specific, must be found for a given 
set of conditions. Information on cultural practices is available from many 
publications (Matsubayashi et al, 1963; UPCA, 1970). 

In some areas, deficiencies and toxicities of nutrients and other chemical 
substances in soils cause poor plant growth. These can be identified by visual 
symptoms and chemical analysis of plant samples (Tanaka and Yoshida, 1970). 

At extreme latitudes, where the summer season is short, as in Hokkaido, 
Japan, the greatest barrier to successful rice yield is the crop's failure to ripen 
because of a rapid decline in autumn temperatures. Under such climatic condi-
tions, rice seedlings are raised in the early spring in a protected nursery bed 
covered with a plastic film, and transplanted into the main fields as soon as the 
temperature becomes favorable (Ishizuka et al, 1973). This procedure extends 
the duration of the crop's growing season, and hence a crop can ripen in most 
years before the autumn temperature drops below a critical level. 

The construction of irrigation and drainage facilities is man's most important 
effort to maximize and stabilize rice yields and to provide a fundamental 
requirement that affects the maximum realization of a rice variety's yield 
potential, cultural practices adopted, and climatic resources such as solar radia-
tion and temperature. Although it is beyond cultural manipulation and requires 
a vast amount of capital investment, every effort should be directed toward 
providing irrigation and drainage facilities in rice-growing areas. 
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I. INTRODUCTION 

Sugarcane (Saccharum officinarum L.) has been known from ancient times, 

long before the Christian era. The original home of sugarcane, for many years in 

89 
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dispute, is now believed to be New Guinea (Brandes, 1956). The dispersal of 
cultivated forms of sugarcane from New Guinea is closely related to the ancient 
migrations which covered a large part of the world. 

Sugarcane was one of the first tropical crops to be adapted to large-scale 
farming. The. length of the growing season varies from less than 9-10 months in 
Louisiana (frost dates setting the time limits), to two years in Peru and South 
Africa, and two years or more in Hawaii. Most of the rest of the sugarcane is 
grown in 14- to 18-month plant crops followed by 12-month ratoon crops. 

Cane sugar is produced commercially in over 70 countries, territories, and 
island groups, generally within a band around the world bounded by 35°N and 
3 5°S latitudes. 

II. ENVIRONMENTAL EFFECTS ON GROWTH 

In order to appreciate the importance of the Hawaiian breeding program for 
the sugar industry, one should keep in mind (1) that in Hawaii cane is grown 
from below sea level (behind sand dikes) to elevations over 3000 ft, (2) that 
rainfall in cane areas ranges from only a few inches to almost 300 inches per 
year, and (3) that because of the trade winds and mountains, cloud cover ranges 
from heavy to light, from all day to part of the day, giving wide variation in solar 
radiation. These and other climatic variables result in the need for almost a 
dozen varieties to take care of the "important" ecological zones. Thus, when a 
"variety is changed," it really means several varieties. 

The varieties best for these several ecological zones differ in many characteris-
tics. The studies referred to here were carried out (1) to determine how much 
variation in physiological characteristics existed among these varieties, and (2) to 
characterize the qualities of a variety best suited for a given environmental area 
to aid in selection of varieties for that area. 

A. Solar Radiation 

Sugarcane is well known as a "sun-loving" plant (Burr et al, 1957). Being a 
C 4 plant (Kortschak et al, 1965), sugarcane is not saturated by light as far as 
total photosynthetic production is concerned. However, in the case of photo-
synthetic efficiency, i.e., mg C 0 2 fixed per unit of leaf area per unit of time, 
there are considerable differences among varieties. Figure 1 shows our concept 
(based on observed rates of photosynthetic efficiency) of limits of photosyn-
thetic efficiency and how they might be used to select a variety for an ecological 
zone (at least as far as solar radiation is concerned). 

We have found varieties which respond in their photosynthetic efficiency in 
the manner represented by the lower curve as welLas those represented by the 
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Light 
(foot candles) 

Fig. 1 Response (measured as photosynthetic efficiency) of sugarcane 
varieties to increasing light. 

upper curve. Varieties represented by the lower curve have an increase in their 
efficiency that is directly related to the increase in solar radiation. Consequently, 
one would expect that if solar radiation in any given year decreases, both the 
efficiency and total output of a variety would decrease proportionately. Vari-
eties represented by the upper curve increase in efficiency up to a certain amount 
of radiation and then decrease. For such a variety, a decrease in solar radiation 
would increase efficiency. Under field conditions we have found this to be the 
case. A severe decrease in radiation, e.g., 15-20%, significantly reduces the yield 
of a field-grown variety that has a photosynthetic efficiency curve such as that 
shown by the lower curve. A variety represented by the upper curve shows little 
or no decrease in yield under the same conditions. 

Figure 2 shows yield data from experimental plots of four varieties. These 
results show the interaction between total radiation and amounts of nitrogen. 
There are increasing amounts of nitrogen on the horizontal axis. The vertical axis 
shows actual total yield. The four solid curves at the top of the figure represent 
yields in full sunlight; the dotted lines at the bottom show the yields under 50% 
of normal solar radiation. When sunlight is reduced, varieties H49-5 and H50-
7209 still produce fairly well on a relative basis. On the other hand, H37-1933 
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Fig. 2 Response of sugarcane varieties to increasing nitrogen (horizontal 
axis) measured in terms of total cane yield (vertical axis). Upper 4 curves-
results in full sunlight; lower 4 curves—results in 50% shade. 

almost drops out of contention when radiation is reduced. This is in keeping 
with our working hypothesis as previously explained. 

B. Temperature 

Our first experiment showing varietal differences in response to temperature 
is shown in Fig. 3. In this experiment, seed pieces of several varieties were 
planted individually in 1-gal cans and allowed to germinate and grow until the 



Sugarcane 93 

Fig. 3 Response of sugarcane varieties to cold temperature (see text for 
explanation of experimental imposition of stress). 

young plants were a few inches high. Growth during this initial period is 
represented by the part of each plant below the bottom ribbon. The plants were 
then placed in a cold chamber for a month. Growth during this cold period is 
represented by the part of each plant between the bottom ribbon and the one 
above it. The plants were then returned to ambient conditions for about 6 
weeks—then replaced in the cold chamber for a month, etc. The alternate cold 
and normal periods are shown by the respective ribbons. The varietal differences 
to this treatment are readily apparent. 

Figure 4 shows the root systems of cane plants taken from controlled 
temperature chambers (Brodie et al, 1969). On the right, the plant at 90°F root 
temperature shows excellent growth; the decrease to 77°F does not have much 
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Fig. 4 Growth of root systems of sugarcane (variety H44-3098 in con-
trolled temperature chambers). Effect of varying root temperatures. Left to 
right: 51°F, 64°F, ?7°F, 90°F. 

of an effect on root growth. A decrease to 64° F significantly reduces the yield 
of the root system, although the quality of it has not been impaired. A glance at 
the 51°F root temperature on the left shows that the roots are almost dead. 

It is interesting that the response to temperature is expressed at the cellular 
level in cell suspensions of the several varieties grown at different temperatures. 

Tissue cultures were started from three different varieties. From these tissue 
cultures, suspension cultures were developed. The suspension cultures were 
grown on rotary shakers at reduced temperatures, resulting in very poor growth. 
The cell suspensions were then grown under temperature conditions which were 
approximately 15°F higher. Figure 5 shows the effect of increasing these 
temperatures. Each test tube represents the settled cell volume from one of the 
Erlenmeyer flasks which had been shaken. In each group of tubes, the three on 
the left represent growth at the cold temperature, and the three on the right 
represent growth at the higher temperature. On the left is variety H49-5 which 
grows in the field under cold, rainy conditions. In this variety there is little 
increase in growth by increasing the temperature. The variety in the middle, 
NCo-310, shows an intermediate response, whereas the variety represented by 
tubes on the right, H50-7209, which is known to be adversely affected by cold 
temperatures under normal conditions, shows how much difference there is in 
the growth of these cell suspensions between the cold and the warm tempera-
tures. 
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Fig. 5 Effect of temperature on growth of cell suspension cultures from 3 
sugarcane varieties. (Demonstrated by settled cells from triplicate cultures). 
Left to right: H49-5 at cold temperature, H49-5 at increase of 15°F; NCo-310 
(cold), NCo-310 (+15°F);H50-7209 (cold), H50-7209 (+15°F). 

C. Water 

Although it is well known that sugarcane requires an abundance of water 
(Meguro, 1963; Nickell, 1969), there are substantial varietal differences in the 
requirement or, more important, in the ability to produce under adverse water 
regimes (Tanimoto, 1969). Some of our early work on response of Hawaiian 
sugarcane varieties to salinity suggested by the way the varieties reacted to 
osmotic pressure of this type that there was a relationship between reaction to 
salinity and reaction in the field to drought. This was confirmed when we 
reviewed data from extensive field records showing crop performance as well as 
crop reaction throughout the growth cycle of cane under drought. After exten-
sive experimentation, a test was developed (Tanimoto and Nickell, 1967a), using 
sodium chloride for osmotic shock, but adding it all at one time, rather than 
gradually increasing the level as had been done in salinity studies. This test 
permits a quick, simple, and cheap laboratory determination of drought resis-
tance of sugarcane varieties. We are particularly interested in the level of salt at 
which the young cane plant is killed. In a typical test, sensitive varieties such as 
H53-1447 and H37-1933 were killed by adding 9-12 g of salt to the 1-gal cans in 
which the test plants had been grown. A tolerant variety, such as H57-5174, 
survived with 21 g of added salt. Over a period of years, there has been good 
correlation among varieties between reaction to this type of test and drought 
resistance in the field. Plant breeders now use this test routinely to screen 
varieties for drought resistance. 

D. Varietal Responses to Environmental Factors 

If one merely looks at the variation in varietal performance of sugarcane 
around the world, or, for that matter, even in nearby ecological zones of a small 
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area, it becomes obvious that the environment plays a most important role in 
affecting the physiological expression of a given variety. As a practical matter, 
this variation is one of the reasons for the generous exchange of both informa-
tion and cane varieties among sugar-producing areas of the world. Basic infor-
mation, of course, is universally useful; field information from a given locality 
has limited direct usefulness elsewhere. 

To emphasize the above points, data obtained in Hawaii will be discussed to 
show the differing responses to Hawaiian-bred varieties to a number of ecological 
factors. The practical use to which the information has been put will also be 
discussed. 

The response of almost any plant to increasing amounts of nitrogen is an 
increase in tillering, an increase in rate of leaf development, and quick coverage 
of the area in addition to greening of the foliage. This can be shown dramatically 
in sugarcane. Despite this generalization, there are tremendous varietal differ-
ences in response to nitrogen. 

Table I shows, on a dry weight basis, the percentage of leaf punch nitrogen 
taken from the leaves of several varieties. The nitrogen levels in the leaves, as 
exhibited by the leaf punch nitrogen data, vary strikingly among these varieties. 
For example, after adding 500 lb of nitrogen per acre, variety H39-3633 does 
not have as much nitrogen in the leaf as does H56-432 at 100 lb of nitrogen 
when it is not growing well. Such information casts doubt on the widely 
accepted method of using nitrogen analysis as a means of fertilization prediction 
unless it is specifically designed for a given variety and its characteristics. 

E. Fertilizers 

TABLE I 
Varietal Differences in Leaf Punch Nitrogen at Increasing 

Amounts of Applied Nitrogen
0 

Stimulated 
applied Ν levels 

Variety 100 300 500 

56-432 
49-3533 
57-5174 
50-7209 
49-5 

0.995 
0.814 
0.946 
0.756 
0.616 
0.659 

1.792 
1.455 
1.438 
0.975 
0.850 
0.715 

2.134 
1.955 
1.899 
1.453 
1.192 
0.856 39-3633 

^Values given are percent dry weight. 
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Sugarcane varieties show striking differences in response to various trace 
elements. For example, Fig. 6 shows the fourth leaf blades of two plants of 
variety H59-3775 grown in a nutrient culture solution for several months. Zinc 
was added to the culture solution of the plant on the right, but not to that of 
the plant on the left. It is very difficult to detect any difference between these 
two plants. When grown in soils which show low zinc levels, there apparently is 
no difference in field yields of this variety. On the contrary, when plants of 
variety H58-1545 are grown under the same conditions (Fig. 7), the minus zinc 
leaf on the left shows extremely severe symptoms of zinc deficiency, as opposed 
to the one on the right which was grown in an adequate supply of zinc. When 
this variety is grown in the field, it shows symptoms of this nature and will not 
grow in zinc-deficient soils unless zinc is added. 

Fig. 6 Fourth leaf blade of variety H59-3775 (left, from plant in culture 
solution - Zn; right, from plant in culture solution + Zn). 
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Fig. 7 Fourth leaf blade of variety H58-1545 (left, from plant in culture 
solution - Zn: only midrib has chlorophyll and shows in photograph; re-
mainder of leaf is chlorotic, almost white; right, from plant in culture 
solution + Zn). 

F. Hormones, Especially Gibberellic Acid 

Commercial sugarcane varieties in Hawaii respond rather dramatically to 
additions of gibberellic acid. This hormone can be applied to the leaves, through 
the root system and nutrient culture, or by injecting it into the stalk of the 
plant. Because sugarcane increases in length by development from intercalary 
meristems in each internode, the effect of gibberellic acid is shown in the 
increased growth of those nodal regions which have not fully elongated—which 
were the number 4, 3 , and 2 nodes at the time of application (Tanimoto and 
Nickell, 1968). All of our subsequent work with commercial varieties showed 
that this effect lasted for about one month (Tanimoto and Nickell, 1967b), 
because between 3 and 3j joints are affected. Commonly one joint is formed 
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about every 10 days under Hawaiian conditions. Interestingly, elongation of 
noble canes was not confined to a one-month period but continued until the 
gibberellic acid was essentially "used up." This serves as the basis of investiga-
tions to determine the reasons for the difference between the noble canes and 
commercial types. 

G. Salinity 

As mentioned, early experiments showed the extreme variation among 
sugarcane varieties to increases in osmotic pressure. In these studies, the osmotic 
pressure increase was due to the addition of sodium chloride to the normal 
nutrient solution. After the seed pieces had been germinated in the nutrient 
solution, at weekly intervals one atmosphere of pressure in the form of sodium 
chloride was added. This was continued until the level had reached 6 atmo-
spheres. One can readily observe the sensitivity of varieties such as H37-1933 
and H53-1447 and the relative tolerance of varieties such as H50-7209 and 
H41-1045. Subsequent tests with salinity showed that two important varieties, 
H57-5174 and H50-7209, are fairly tolerant of saline conditions. However, there 
also is a difference between these two, with H57-5174 being more tolerant (Fig. 
8). This photograph was taken at Pioneer Mill Company on the island of Maui in 

Fig. 8 Varietal difference in response to soil salinity, Pioneer Mill Com-
pany, Island of Maui, Hawaii. Left, H57-5174; right, H50-7209. Both varieties 
planted at same time. 
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the Hawaiian chain. It shows a fairly saline field in which the two varieties are 
grown on either side of an irrigation supply pipe. H57-5174 on the left is 
growing much better than H50-7209 on the right. From these results a theoreti-
cal scheme shown in Fig. 9 was devised in which increased salinity is indicated 
on the horizontal axis and increased growth on the vertical axis. At extremely 
low levels of salinity, there is little difference among varieties. At extremely high 
levels of salinity, there is no difference—all of them will be killed. Nevertheless, 
these curves are fairly representative of tolerant varieties represented by the 
upper curve, sensitive varieties represented by the lower curve, and intermediate 
varieties which are somewhere in between. 

H. Wind 

Wind often affects sugarcane adversely. In Hawaii, the last three plantations, 
which have been abandoned, were on the tips of the islands in the head of the 
trade winds. These winds induce certain physical injury to the leaves, and also 
bring in salt spray. Through use of radioactive carbon dioxide, we were able to 
show the effects of different types of wind injury (Fig. 10). These effects were 
measured in terms of their inhibition of translocation. When the midrib alone 
was bent by wind, but not the lamina of the blade, there was about a 35% 
reduction in movement of photosynthate out of the leaf. However, when both 
the lamina and midrib were bent, there was almost complete inhibition of 
translocation. Surprisingly, when wind frayed the tips of the leaves, which is a 
very common form of damage, there was not as much injury as expected and 
translocation was inhibited by less than 50% (Hartt, 1964). The effects of wind 
are not all harmful. As in most other plants the rate of photosynthesis of 

Salinity 

Fig. 9 Response of sugarcane varieties to increasing salinity. 
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Fig. 10 The inhibition of translocation (of carbon-14) caused by various 
types of simulated wind injury. 

sugarcane increases as the C 0 2 level is increased. The trade winds, which 
normally are about 10 mph and occur throughout most of the year, probably 
ensure that there is no diminished supply of C 0 2 in the middle of cane fields. 
Sensitive C 0 2 monitors in cane fields have never detected reduction in C 0 2 

concentration. By comparison, studies in corn fields in the midwest show that 
on hot, sunny days growth is limited by low C 0 2 concentrations. 

I. Flooding 

The problems caused by flooding result from a decreased oxygen supply. The 
cane plant is highly aerobic. When grown in nutrient culture, air must be 
continuously bubbled through the solution. Effects of aeration on roots of 
plants grown in long cylinders are shown in Fig. 11. 

III. GERMINATION 

If one-eye seed pieces are cut and planted in nutrient solutions, after several 
weeks there is a difference among some varieties in the manner in which 
germination occurs. This test was carried out by cutting single-eye seed pieces of 
two varieties, putting them into a trough of nutrient solution, covering them 
over with plastic so they would be in the dark, and allowing them to imbibe 
water and start germination. The cover was removed after about 10 days to 2 
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Fig. 11 Effect of decreased aeration on growth of sugarcane root systems. 
Numbers 1 and 2 on left, high aeration; 3 and 4, progressively decreased 
aeration. 

weeks. Variety H37-1933 developed an extensive root system and hardly devel-
oped any shoot at all. H50-7209, on the other hand, developed an extensive 
shoot system with very little root system. These differences are apparent in the 
field. For example, H50-7209 tends to emerge very rapidly and after growing for 
a short while, to turn chlorotic. If left alone, the chlorosis disappears, because 
the root system will then have developed sufficiently for uptake of soil nitrogen. 

A. Depth and Angle of Planting 

The effect of planting depth on the percentage of emergence is shown in 
Table II. This test was carried out using single-eye seed pieces of variety 
H57-5174. Table HI shows the effect of planting angle on percentage of 
emergence. This was done by using seed pieces of variety of H50-7209. Planting 
angle means the angle from the vertical of the "eye" of the seed piece—upright 
being 0°. These two sets of data suggest the value of proper planting depth and 
even the effect of the angle of the germinating shoot. 

B. Effect of Chemicals, Especially Arginine 

Experiments were conducted to find chemicals that would control the rate of 
germination and, ultimately, affect the rate of shoot emergence. Germination 
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TABLE II 
Effect of Planting Depth on Percent Emergence" 

Planting depth (inches) 

Days after planting 1 2 3 4 5 

8 20 10 _ _ 
9 50 20 - - — 

10 50 20 10 - — 

11 50 40 30 - — 

12 60 60 50 10 30 
13 100 70 50 10 30 
15 100 80 60 60 70 
17 100 80 70 70 90 
19 100 80 70 80 100 

'Variety H5 7-5174. 

tests showed a strong stimulatory effect of adding 20 ppm of amino acid 
arginine to the water in which the seed pieces were immersed (Nickell and 
Kortschak, 1964). When arginine was added to the nutrient solution (replacing a 
small fraction of the nitrogen in the solution culture), it had a very strong 
positive effect on growth of sugarcane. Figure 12 shows the results of harvesting 
the millable cane from variety H44-3098 which had been grown in nutrient 
solution with and without added arginine for a period of 4 months. The cane on 
the right represents that grown in basic nutrient solution—the cane on the left 
represents that grown in basic nutrient solution to which 20 ppm of arginine had 
been added. Solutions in both these cases were replaced at weekly intervals. 

TABLE III 
Effect of Planting Angle on Percent Emergence

0 

Planting angle (degree) 

Days after planting 0 45 90 135 180 

13 40 30 _ _ 
14 50 40 - - -
15 60 40 10 - -
17 70 80 10 - 10 
19 80 80 50 - 20 
20 100 80 100 30 30 
22 100 100 100 70 60 
25 100 100 100 100 100 

"Variety H50-7209. 
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Fig. 12 Effect of arginine in culture solution on cane production by 
variety H44-3098. Left, arginine; right, basic nutrient solution. 

Additional experiments were conducted to determine if arginine stimulation 
would occur at the cellular level (Maretzki and Nickell, 1968). Elimination of 
arginine from the nutrient medium for growing sugarcane cells caused a drastic 
reduction in growth. This prompted us to investigate rather thoroughly the 
arginine "story" in sugarcane, both at the cellular level and the possibility of its 
use in the field. 

Figure 13 shows the growth of cell suspensions with and without arginine 
added. The striking effect of arginine at the cellular level, and on sugarcane 
growth, is well established (Nickell and Maretzki, 1972). 

FV. TILLERING 

Once germination of the seed piece has occurred and the young shoot has 
emerged from the ground, the grower of the cane is next interested in tillering of 
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Fig. 13 Sugarcane cells grown either in the presence or absence of arginine 
in a synthetic medium. 

his crop (Nickell, 1968). Probably as closely related to yield as any single factor 
is the number of stalks per acre at harvest. To obtain as large a number of stalks 
as can be supported by an acre of cane, maximum tillering early in the crop 
should be induced. 

A. Effect of Sunlight 

Sunlight or solar radiation is a major factor in production of shoots. The 
effect can be seen from controlled studies in which sunlight is excluded by 50% 
by using a Saran netting; other factors remaining equal. Such shading results in 
dramatic reduction in production of branches. 

B. Effect of Pretreatment of "Seed" 

For many years we have conducted tests under the code name VRN [Variety 
by Radiation (Solar) by Nitrogen]. Many sets of data discussed so far have come 
from tests of this nature. Samples were periodically harvested during growth of 
the crop and at final harvest at 24 months (normal crop age in Hawaii). At about 
8 months of age, when we usually cut the seed for planting, we took samples of 
several stalks from a number of varieties which had been given three different 
levels of fertilizer, and two levels of solar radiation. We then divided these stalks 
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into the first three upper joints which normally would be cut for seed cane and 
planting, and took three-node sections on down the stalk. The number of nodes, 
of course, is a function of varietal characteristics as affected by fertilization rates 
and amount of solar radiation. The effects of pretreatment of a cane stool on 
subsequent production of tillers by a given seed piece from such a stalk are 
shown in Figs. 14-18. Variety H49-3533 is well known for its poor tillering 
characteristic. No matter from which position on the stalk the three-joint seed 
pieces were cut, very little tiller production was demonstrated. Figures 15-18 are 
all of variety H50-2036. They were selected from numerous sets of data to 
illustrate the interaction between sunlight and nitrogen on effects of tillering. 
Figure 15 shows the effect of sun with no added nitrogen. A maximum of 70 
tillers formed, and these were produced by the third seed piece from the top. If 
200 lb of nitrogen were added at the same amount of solar radiation (Fig. 16), 
there was a tremendous increase in the number of tillers. With no nitrogen added 
and 50% sunlight, there was about the same amount of tillering as in full sun 
with no nitrogen (Fig. 17). However, each stalk gave only three good, three-joint 
seed pieces. With addition of 200 lb of nitrogen in 50% sunlight (Fig. 18), 

120 k 

80 h 

Fig. 14 Tillering of "poor tillering" variety H49-3533 (full sunlight, 200 
lb N/acre). A-G, position of plantable three-eye seed pieces cut from stalk; 
i.e., A, topmost piece; B, next piece down, etc. (same for Figs. 15-18). 



Sugarcane 107 

contrary to the effect in full sunlight where the addition of nitrogen increased 
the number of tillers dramatically, the number of tillers was actually reduced. 
This strongly supports our hypothesis that for a variety to be grown at its best, 
each of its individual agronomic characteristics must be determined separately, 
and suggests that this also is true for maximum production of a succeeding crop 
based on pretreatment of the cane plant stools which are to be used as seed. 

Traditionally, ripening of sugarcane has been achieved by taking advantage of 
the environment. In many countries low winter temperatures dictate the end of 
the growing season and the harvest period is adjusted accordingly. In tropical 
and semitropical areas, where either the temperature does not become low 
enough for excellent ripening or, as in Hawaii, where the economics of the 
industry dictate harvesting yearround, ripening has traditionally meant "drying 
o f f or withdrawing water on the irrigated plantations. 

V. RIPENING 

A. Agronomic Practices 

120 (· 

80 \-

40 

0 16 24 32 
Weeks after planting 

Fig. 15 Tillering of variety H50-2036 (full sunlight, 0 N/acre). 
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Weeks after planting 

Fig. 16 Tülering of variety H50-2036 (full sunlight, 200 lb N/acre). 

B. Chemicals 

Basic work on translocation suggested that by affecting the youngest growing 
leaf or spingle or the growing point in defoliation studies, sugarcane might be 
artifically ripened (Hartt, 1964; Hartt et al, 1964). Chemicals were sought that 
would kill either the young leaf or the growing point. Since only about half of 
these induced ripening, the technique was abandoned as a screening technique. 
Fortunately, however, very soon after we started such studies we found mate-
rials that were active (Nickell and Tanimoto, 1966). We based our study on the 
actual increase in the quality of the cane as expressed both in purity and sugar as 
percent of field weight. One of the most active compounds and certainly the 
most advanced in our testing is the Monsanto product "Polaris" (Nickell and 
Takahashi, 1972). This compound has been thoroughly tested under diverse 
ecological conditions, at different times of year, and on a number of our 
outstanding commercial varieties, as well as some of those that are candidates for 
commercial status. Our results to date show excellent effects in general in 
unirrigated regions with high rainfall and very little opportunity on the part of 
the growers to ripen their cane—there is much less of an effect under irrigated 
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Fig. 17 Tillering of variety H50-2036 (50% shade, 0 N/acre). 

120 h 

Fig. 18 Tillering of variety H50-2036 (50% shade, 200 lb N/acre). 
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conditions. The leading variety, H59-3775, responds very actively to this ripener 

(Nickell and Takahashi, 1974) and shows a 10-12% increase in recoverable 

sugar. The number two variety H50-7209 (which until last year was the number 

one variety) also shows a positive effect, particularly when unirrigated, but the 

effect is less than half of that on variety H59-3775. One of the next most 

important canes, variety H57-5174, does not respond to this ripener, or at least 

it did not until we found that apparently part of the problem on this variety is 

penetration. We have now found that adding extra surfactant to the formulation 

will induce and/or increase ripening in the latter two varieties (Nickell and 

Takahashi, 1975). Much effort will be given to searching for chemical ripeners 

which will be active under environmental conditions on irrigated plantations, 

i.e., low altitude, low rainfall, high sunlight areas. 
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I. THE PLANT ENVIRONMENT 

The relationship between crop varieties and climate is of considerable im-

portance and many annual crops are bred for rather specific local conditions of 

temperature and daylength. For example, in temperate latitudes of the mainland 

United States, literally hundreds of corn and soybean varieties are selected on 

113 
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the basis of the number of heat units required to attain maturity within a 
specified photoperiod. Even in the sub tropics and tropics one finds a relatively 
large number of varieties of some crops adapted to specific climatic zones. In 
Hawaii, for example, sugarcane varieties are screened for adaptability to higher 
elevation, high rainfall areas where irrigation is not required and low elevation 
areas where the crop is grown with supplemental irrigation. 

Where plant breeding problems are more intractable, as they are with pine-
apple [Ananas comosus (L.) Merr.], it is not unusual to find a single crop variety 
grown over wide areas of the globe. The pineapple cultivar Smooth Cayenne is 
an excellent example of such a crop. Although three to five major groups of 
pineapple are recognized (Collins, 1960; Py and Tisseau, 1965; Samuels, 1969) 
and each has several subcultivars, Smooth Cayenne is the most widely planted 
cultivar, both in terms of acreage and range of latitude. The most northerly 
location for the field culture of pineapple appears to be the state of Assam, India 
at a latitude of 30°45

,
N (Hayes, 1960), and Strauss (1960) listed the most 

southerly location for the South African pineapple industry as being Port 
Elizabeth at 33°58'S. The range of latitudes and a climatic summary for the 
various pineapple growing areas are shown in Table I. Temperature and rainfall 
data for various areas are readily available. Despite the fact that the importance 
of solar radiation for the growth and development of pineapple has been 
recognized for many years (Nightingale, 1942), there appear to be few available 
records on solar radiation. Data on actual évapotranspiration are similarly 
lacking, although estimates have been made (Anonymous, 1962-1964). 

Most pineapple is grown in or near coastal or island areas where climates tend 
to be more oceanic than continental, and temperature and humidity extremes 
are less severe than they would be for a continental climate at comparable 
latitudes. However, there are large differences in average annual temperature for 
various areas where pineapple is grown on a commercial scale. The lowest annual 
average temperature was 17.2°C at Port Elizabeth, South Africa and the highest 
was 26.9°C at Saigon, South Vietnam (Tkatchenko, 1947). Temperature ex-
tremes are equally as important as the annual average for tropical perennials such 
as pineapple. Pineapple will not tolerate temperatures near 0°C for prolonged 
periods. Additionally, high temperatures coupled with high insolation result in 
fruit and leaf temperatures in the range of 50°C (Nightingale, 1942; Aubert and 
Bartholomew, 1973) which pose sunburn hazards for both. The countries where 
temperature extremes detrimental to pineapple are most common are South 
Africa, Southern Australia, and Taiwan, where both fruit sunburn and frost 
damage can occur (Collins, 1960; Strauss, 1960; Su, 1969). The optimum 
daytime and nighttime temperatures for pineapple were reported to be about 
30° and 20°C, respectively (Neild and Boshell, 1976). 

The annual rainfall in various areas ranges from a low of 565 mm on the 
Island of Molokai, Hawaii (Noffsinger, 1961b) to 3550 mm at Neufchateau, 



TABLE I 
Climatic Characteristics of Some Pineapple-Growing Areas of the World 

Temperature (°C) 

Location Lat. Elev. (m) Ave. Max. Min. Rain (mm) Evaporation (mm) a Reference 

Nyombe, Cameroun 4.5°N 70 3000 Gaillard, 1970 
Johore, Malaysia 1°39'N 5 26.9 35 18.9 2583 1742(p) 

1742(a) 
Singapore, Malaysia 1°22'N 10 26.6 2881 1723(p) 

1723(a) 
Tkatchenko, 1947 

Buenos Aires, Costa Rica 9°10'N 23 32 19.9 3078 Romero et ai, 1973 
Rio Piedras, Puerto Rico 18°23'N 23 24.8 1866 1466(p) 

1466(a) 
Pico, 1974 

Arecibo, Puerto Rico 18°23'N 15 25.3 2190 1473(p) 
1431(a) 

Pico, 1974 

Rock Hampton, Australia 23°26'S 11.3 22.7 27.2 16.7 1002 1236(p) 
1002(a) 

Brisbane, Australia 27°28'S 42 20.5 25.5 9.5 1143 1054(p) 
1044(a) 

Tkatchenko, 1947 

Wahiawa, Oahu Hawaii 21°20'N 200 22.6 30.1 14.3 1062 1850(a) 
Touliu Expt. Sta., Taiwan 23°44'N 48 1984 Su, 1969 
Karenko, Taiwan 23°58'N 19 22.2 27.1 17.3 1907 1242(p) 

1196(a) 
Tkatchenko, 1947 

Thika, Kenya 1°01'S 1463 20.5 > 35 5.5 803 887(p) 
787(a) 

Lebedev, 1970 

E. London, South Africa 33°02'S 125 18.6 22.8 14.4 824 858(p) 
824(a) 

Strauss, 1960 

Port Elizabeth, South Africa 33°58'S 55 17.2 21.2 13.3 577 839(p) 
579(a) 

Tkatchenko, 1947 

Malkerns, Swaziland 26°30'S 16.8 28 4 955 Dodson, 1968 

ÖA11 potential (ρ) or actual (a) evaporation data and some of the rainfall data are from Thornthwaite, C. W. Associates Publications in 
Climatology, Centerton, New Jersey. 
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Guadeloupe (Py et al, 1968). Optimum rainfall ranges from 1000 to 1500 mm 
(Collins, 1960; Teiwes and Grüneberg, 1963; Py and Tisseau, 1965). Successful 
production in low rainfall areas, such as the island of Molokai, Hawaii, requires 
good annual distribution of rainfall and water-conserving management practices 
such as the use of plastic and plant-litter mulches (Ekern, 1967; Py, 1968; Su, 
1969). In high rainfall areas, good drainage is important because the pineapple 
plant root system is said to be very sensitive to waterlogging (Collins, 1960; 
Teiwes and Grüneberg, 1963). However, in Hawaii and elsewhere, growth 
decline and death associated with waterlogged soils are usually due to the 
presence of root fungal parasites (Py and Tisseau, 1965). 

Solar radiation has long been recognized as an important factor for growth of 
pineapple (Nightingale, 1942) but its measurement on a wide scale has generally 
been precluded by lack of a suitable and inexpensive instrument. In Hawaii, 
6-year monthly averages of solar radiation at Wahiawa ranged from 338 to 583 
langleys (ly) day

- 1
 with an annual average of 460 ly day"

1
 (calculated from 

Ekern, 1965b). Average total monthly hours of sunshine (instrument not speci-
fied) at Wahiawa for an 11-year period ranged from 127 to 200 with an annual 
total of 1931 hours (calculated from data of Collins, 1960). Recently, Aubert et 
al (1973) reported hours of sunshine obtained with a Campbell-Stokes instru-
ment ranged from 852 to 1577.5 hours per year for three locations in the 
Democratic Republic of Cameroun. In general, however, the limited data are 
inadequate to allow an assessment of solar radiation effects on growth and yield 
independent of temperature effects. The available data are discussed in a later 
section. 

The specific soil requirements for pineapple appear to be minimal. Pineapple 
is grown in peat soils in Malaysia, quartz sands in Australia, Africa, and Taiwan, 
and highly weathered clays composed of kaolin and iron and aluminum oxides in 
Hawaii, the tropical Americas, Southeast Asia, and parts of Africa and India (Col-
lins, 1960; Py and Tisseau, 1965; Teiwes and Grüneberg, 1963). The pH of the sous 
in which pineapple is grown ranges from a low of 3.3 for the peats of Malaysia to 
near 6.0 in other areas with the optimum reportedly being 4.5-5.5 (Collins, 
1960; Py and Tisseau, 1965; Teiwes and Grüneberg, 1963). It would appear that 
almost any well-drained soil with a pH in the range of 4.5-5.5 would be suitable 
for the culture of pineapple. The type of soil seems to be a less important factor 
than the quality of management involved in the growing of the crop. 

II. ANATOMY-MORPHOLOGY 

A. General 

The pineapple is a herbaceous perennial monocotyledonous plant that pro-
duces a single syncarpous fruit on a terminal inflorescence. The stem is short and 
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thick, up to 35 cm in length with internodes of 1-10 mm at the time of floral 
differentiation (about 14 months after planting in Hawaii), and has a diam-
eter of 6-7 cm. The leaf arrangement is spiral with a 5/13 or a 3,5 phyllotaxy 
(Collins, 1960; Ekern, 1968; Kerns et al, 1936). Every thirteenth leaf is located 
directly above the initial leaf and five turns around the stem are made as the 13 
leaves are formed. The leaves do not absciss as the plant grows and leaves 
produced after planting retain their chlorophyll and turgidity for many months. 
At an age of 12-14 months the plant has 60-80 fully developed, closely spaced 
leaves having a maximum length of about 100 cm. The leaves generally are 
semirigid, adaxially concave, and have angles with respect to the plant axis which 
range from near 90° (parallel to the soil surface) at the base of the plant to 0° at 
the top (Aubert and Bartholomew, 1973). This pattern of leaf arrangement is 
said to result in a velvet pile effect which tends to lower the reflectance of the 
pineapple plant community (Ekern, 1965a). 

From a crop management standpoint, the most important whorl of leaves on 
the pineapple plant are the D-leaves. This group of leaves is the youngest 
physiologically mature whorl, usually representing the tallest leaves on the plant 
from the ground level. They are also the longest leaves present up to at least 
8-12 months after planting. Their selection has been described in great detail 
(Sideris et al, 1938; Krauss, 1949; Py, 1959). D-Leaves were first used as the 
index leaf for assessing the nutritional status of the pineapple plant by Nightin-
gale (1942). They have been used for this purpose by other workers (Sanford, 
1964; Gaillard, 1970; Su, 1969) and to evaluate the effects of environment on 
plant moisture status and on plant development (Gaillard, 1970; Su, 1969; Py et 
al, 1968; Aubert et al, 1973). The D-leaf weight has been shown to be highly 
correlated with the weight of the whole plant. 

B. Leaf Anatomy 

7. Trichomes 

The leaf anatomy of pineapple is unique among crop plants in several 
respects. Both adaxial (upper) and abaxial (lower) leaf surfaces are covered by 
large peltate scutiform trichomes (Krauss, 1949; Fig. 1). The trichome heads 
overlap, forming a dense covering over the stomata. When leaves are fully 
expanded, the cells of the umbrella-shaped trichome heads are nonliving but the 
basal stalk cells retain their cytoplasmic organelles (Krauss, 1949). Several 
possible functional roles have been ascribed to the pineapple trichomes including 
absorption of water and aqueous nutrient solutions. Without doubt, pineapple 
leaves do absorb nutrients. However, no studies on pineapple were found which 
specifically demonstrated nutrient absorption by the trichomes. Most aqueous 
sprays primarily contact the distal three-quarters of the adaxial surface of the 
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Fig. 1 Scanning electron micrograph of a pineapple leaf. Scale bar = 
100 Mm. (A) Abaxial leaf surface showing the large loosely attached trichomes 
located in valleys between the ridges. (B) Adaxial leaf surface with the 
trichomes in close contact with the leaf surface. 

leaf and since the leaf is hypostomatous with the stomata on the abaxial surface, 
the only avenues of absorption are cuticular and trichomal. Trichomes on both 
surfaces of the proximal (stem) end of the leaf, where the leaf sheathes the stem, 
would be in almost constant contact with water and nutrient solutions which are 
funneled down the trough-shaped leaves to the leaf base. Trichomes located at 
the leaf base would have ample opportunity to play a role in nutrient and water 
absorption. 

The complete covering of overlapping trichomes on the abaxial leaf surface 
may restrict loss of water vapor from the stomata. Benzing and Renfrow (1971) 
found desiccation resistance was greatest in Tillandsia species which had thick 
leaves and a dense trichome cover. We have been unable to measure the 
contribution of the trichomes to the resistance of the leaf to diffusion of water 
vapor (Bartholomew, 1975). It is possible that the trichomes are such a small 
part of the total leaf resistance that their effect is completely masked by the 
high stomatal resistance. One additional function attributed to trichomes is that 
they increase the reflectance of the leaf and thus reduce the heat load in an 
intense radiation environment (Krauss, 1949). In such an environment, leaf 
temperature can be 3° to 20°C above air temperature (Aubert and Bartholomew, 
1973; Noffsinger, 1961a). While trichomes may enhance reflectance from a 
single leaf, it has been reported that reflectance from the whole plant was low 
because of the pattern of leaf arrangement (Ekern, 1965a). 
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2. Epidermis and Hypodermis 

Leaf epidermal cells have undulated lateral walls which impart rigidity to the 
cells. This protects the cells from stresses resulting from collapse of the subepi-
dermal water storage tissue during droughts (Nightingale, 1942; Sanford, 1962). 
Immediately below the epidermis is the hypodermal layer which, along with the 
thick inner-walled epidermis, provides protection against water loss, as in other 
xerophytes (Krauss, 1949). Johnson (1935) described a layer of cells below the 
epidermis which had reddish anthocyanin pigments and similar cells have been 
observed in many varieties of pineapple. It was hypothesized that this layer of 
cells acted as a screen against excessive light. 

3. Stomata 

The stomata occur only on the abaxial side of the leaf (Krauss, 1949), a 
general characteristic of the family Bromeliaceae. The abaxial side of the leaf is 
grooved longitudinally into parallel furrows and ridges. The stomata are located 
only in the furrows. The stomata are arranged irregularly (Fig. 2) in the furrows 
but the aperture is oriented parallel to the long axis of the leaf. The trichome 
mat described previously completely covers the furrows. Stomatal number per 
unit area varies from leaf to leaf, influenced perhaps by the growth status of the 
entire plant. Krauss (1949) indicated that counts made over a period of several 
years on the central portion of fully developed leaves averaged 70-85 stomata 
per m m

2
. The stomatal apparatus is small with average dimensions of 26.5 μηι 

perpendicular and 24.6 μηι parallel to the long axis of the pore which itself is 
about 7 to 8 μπι long (Bartholomew, 1975). Similar results were reported by 
Solereder and Meyer (1929). By contrast, maize is reported to have a stomatal 
aperture of about 20 μηι (Zelitch, 1971). The depth of the pore and thus the 
diffusion path length is quite long, ranging from 20 to 40 μηι (Aubert and 
Parcevaux, 1969). 

4. Water Storage Tissue 

The water storage tissue is colorless and translucent. It is adaxial to and 
contrasts sharply with the chlorophyllous mesophyll below (Krauss, 1949; Fig. 
3). The relative amount of water storage tissue may vary with age, shading, 
planting density, temperature, evaporative demand of the atmosphere (Nightin-
gale, 1936; Krauss, 1949), and location on the leaf. Tissue thickness ranging 
from one-quarter to two-thirds of the leaf cross section can thus be expected, 
and generally it is lacking toward the tip. Data obtained on a Smooth Cayenne 
cultivar grown in controlled environments showed that the relative proportion of 
water storage tissue midway between leaf tip and base appears to be unaffected 
by the temperature regime. However, at a light-period temperature of 30°C, the 
thickness and rigidity of the leaf were observed to increase as the night tempera-
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Fig. 2 Scanning electron micrograph of the abaxial surface of a pineapple 
leaf with the trichomes rubbed off. Scale bar = 100 μηι. Inset: Micrograph 
showing the detail of the stomata. Note the trichome basal stalk remnant at 
the right margin of the picture. Scale bar = 30 Mm. 

ture was dropped from 30°C to 26° or 22°C (D. Bartholomew, unpublished). 
The leaves of plants grown at the warmer low elevations of Oahu, Hawaii 
similarly are less rigid than those on plants grown at higher elevations (W. G. 
Sanford and J. C. Fo, private communication, 1975). Black (1962) indicated 
that variation in water storage tissue thickness probably accounted for the wide 
variation in leaf water: dry matter ratios over the plant crop cycle for plants 
grown in Australia. 

An important function of the water storage tissue is that it provides a 
replenishable reservoir of water for the plant. The tissue may also protect the 
underlying assimilâtory tissue against excessive light, and stiffen the leaves when 
cells are turgid. With loss of water from the tissue, leaf blades lose some of their 
stiffness and the margins curl inward. 
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Fig. 3 (A) Cross sections through a pineapple leaf from near the tip (top 
of figure) to near the base. Note the increase in thickness of the water storage 
tissue on the upper surface of the leaf from the tip to the base of the leaf. 
Scale bar = 0.5 cm. (B), (C) Light and scanning electron micrographs, respec-
tively, of a pineapple leaf cross section showing the detail of the very large 
water storage cells. Scale bar = 0.5 mm. 

C. Root System 

Two root systems are commonly associated with pineapple grown in Hawaii, 
the "soil" and "axillary" roots (Krauss, 1948). The soil root system, which arises 
as adventitious roots from the stem, has been reported to have a lateral spread of 
1-2 m and to penetrate to depths of 85 cm (Krauss, 1948). Estimates of lateral 
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spread based on root absorption of soil-applied
 32

 Ρ have shown that the roots 
absorb nutrients up to 3 m away when soil tilth and nematode control are good 
(H. Y. Young, private communication, 1975). Above ground, adventitious roots 
develop in the leaf axils to form the axillary root system, probably in response 
to accumulation of water at the base of the leaves from dew, rain, or overhead 
irrigation. Axillary roots near the ground level grow into the soil as older leaves 
die off and decay. Axillary roots initiated at higher levels elongate within the 
leaf axils and extend around the stem for several centimeters. Su (1969) 
reported that significantly more

 32
 Ρ was absorbed by pineapple plants when 

placed in the axils of mature leaves than when applied to the soil. Work in 
Hawaii has shown that both the leaves and the axillary root system are impor-
tant avenues of absorption of foliarly applied nutrient solutions (Η. Y. Young, 
private communication, 1975). 

The activity of the root system after the first (plant crop) fruit is harvested is 
an unresolved question. Su (1969) stated that for the ratoon crop (the second 
crop produced on shoots from the original crop), axillary placement of fertilizers 
was more advantageous than soil placement because the "roots of the mother 
plant are senescent." In Hawaii, shoots generally develop too high above the soil 
level to establish independent root systems. In addition, the benefits of soil 
fumigation after plant-crop harvest support the contention that, in Hawaii at 
least, development of the ratoon crop depends on an active mother-plant root 
system. Experience has shown that while a poor ratoon crop yield can follow a 
good plant-crop yield, good ratoon yields are never obtained from plants having 
a low plant-crop yield. 

III. CARBON ASSIMILATION 

The pineapple is one of the few commercially cultivated crop plants which 
possesses Crassulacean acid metabolism (CAM). The subject of CAM generally 
has been well covered in various reviews (Ranson and Thomas, 1960; Ting et al., 
1972; Queiroz, 1974) but there are special implications specifically for pineapple 
that have not been adequately covered elsewhere. 

Plants having CAM are characterized by large diurnal changes in organic acids, 
primarily malic, in the leaf. Accumulation of the acid occurs in the dark and is 
associated with nonautotrophic assimilation of C 0 2 . Pineapple was first demon-
strated to have CAM by Sideris et al. (1948) (Fig. 4) and this result was later 
confirmed by Seshagiri and Suryanarayanamurthy (1957). In pineapple, organic 
acids accumulated during the night in leaves which had previously been illumi-
nated. During the day, the acid level decreased with a concomitant increase in 
sugars. Sideris et al. (1948) suggested that the sugars were precursors of the 



Pineapple 123 

1.6 

1.4 

1.2 

1.0 

σ
 0 . 8 

"5 0 . 6 

0 . 4 

0 . 2 

π 4 . 0 

3.8 

3 .6 

3 .4 

Η 3 .2 

3 . 0 δ* 

Η 2 . 8 

2 . 6 

2 . 4 
0 2 0 0 0 6 0 0 1 0 0 0 1 4 0 0 

T i m e ( h o u r s ) 

1 8 0 0 2 2 0 0 

Fig. 4 Diurnal variation in malic plus citric acid (circles) and sugars 
(triangles) in pineapple D-leaves (Sideris et al, 1948, with permission). 

accumulated organic acids. They also noted that low sunlight resulted in reduced 
levels of acid. 

An inverted pattern of gas exchange (suspension of transpiration during the 
day) was observed to be a characteristic of desert plants early in the twentieth 
century (Shreve, 1916) and Krauss (1930) reported similar results for pineapple. 
The first measurements of direct stomatal involvement in the inverted rhythms 
of gas exchange observed for plants having CAM appear to be those of Nishida 
(1963). Since that time, additional reports have demonstrated conclusively that 
most succulents and xerophytes show an inverted pattern of stomatal opening 
(Ehrler, 1969; Neales et al, 1968; Szarek et al, 1973; Coutinho, 1969). 
Measurements of leaf diffusive resistance to water vapor transfer for pineapple 
(Aubert, 1970, 1971 ; Neales et al, 1968; Bartholomew, 1975; Bartholomew and 
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Kadzimin, 1976) also demonstrate an inverted stomatal rhythm for this plant. 
However, pineapple leaf resistances are low early in the day, increase progres-
sively to a maximum, which corresponds approximately to the minimum level of 
titratable acidity, and then decrease (Fig. 5; Aubert, 1971; Neales et ai, 1968). 
The maximum daytime leaf resistance attained has been shown to be influenced 
by the quantity of malic acid accumulated the previous night and by the 
prevailing weather (Aubert, 1971; Bartholomew and Kadzimin, 1976). The 
inverted stomatal rhythm has significant adaptive advantages for pineapple since 
the crop is often grown where annual rainfall is low. 

The prevailing thermoperiod markedly influences the observed pattern of 
stomatal opening in CAM plants. Ting et al. (1967) reported that when Kalan-
choe blossfeldiana plants were conditioned in different thermoperiods, the 
stomatal opening pattern shifted from normal daytime opening to apparent 
nighttime opening as day temperature was increased from 15° to 30°C. Night 
temperature was kept constant at 15°C. Yoder (1969) and Yoder and Bartholo-
mew (1969) found that transpiration rates of pineapple were markedly affected 
by thermoperiods. The highest transpiration rates occurred in the light when day 
temperature was 25° to 30°C and was less than or equal to night temperature. 
Nighttime transpiration rates remained constant and daytime rates decreased 
progressively as the night temperature was dropped 5°, 10°, or 15°C below the 

Fig. 5 Change in titratable acidity (circles) and leaf diffusive resistance 
(triangles) of a pineapple D-leaf with time of day. 
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day temperature. Evaporation rates decreased with decreasing night temperature, 
while transpiration remained approximately constant, suggesting that the night-
time stomatal resistance decreased as the day/night temperature differential was 
increased. 

The earliest study of carbon dioxide assimilation by pineapple (Joshi et al, 
1965) showed a diurnal uptake rhythm which was similar to the diurnal change 
in organic acids observed by Sideris et al (1948). Although titratable acids in 
the leaf were not measured, the relationship between nonautotrophic assimila-
tion of C 0 2 and accumulation of malate in the dark is well documented 
(Ransom and Thomas, 1960; Bruinsma, 1958; Ting and Dugger, 1968). Re-
ported rates were very low, approximately 6-7 mg C 0 2 dm"

2
 24 hr"

1
 ; more 

recent results (Neales et al, 1968; Connelly and Bartholomew, 1971 ; Connelly, 
1972) were somewhat higher but similar in magnitude. 

The biochemistry of C 0 2 assimilation by CAM plants is relevant to this 
discussion since the peculiarities of the circadian rhythm of C 0 2 assimilation by 
pineapple have important ecological implications. The subject of photosynthetic 
carbon fixation in plants was recently reviewed by Black (1973). On the basis of 
the first products of photosynthesis or dark carboxylation, plants have been 
characterized as assimilating C 0 2 by the C 3 (Calvin cycle), C 4 (dicarboxylic acid 
cycle), or CAM pathways. In C 3 plants, the primary carboxylating enzyme is 
ribulose diphosphate (RuDP) carboxylase and the first detectable product of 
C 0 2 assimilation is 3-phosphoglyceric acid, a three carbon compound. In C 4 

plants, on the other hand, the primary carboxylating enzyme is phosphenolpyru-
vate (PEP) carboxylase and the first detectable product present in appreciable 
amounts is malic or aspartic acid, depending on the species. In C 4 plants, it has 
been proposed that the malate (or aspartate) is transported from the site of 
fixation in the mesophyll cell to the bundle sheath cell where decarboxylation of 
the 4-carbon acid takes place. The released C 0 2 is then reassimilated via the C 3 

pathway and ultimately converted into starch. Plants with CAM utilize PEP 
carboxylase when fixing C 0 2 in the dark and, as with C 4 plants, the first 
detectable product is malate. The newly formed malate is transported to a closed 
pool (Ting, 1971; Kluge, 1969) where, in pineapple, it can accumulate to levels 
as high as 1% of the fresh weight of the green leaf tissue (H. Y. Young, private 
communication). In the light, malate is moved from the storage pool, probably 
by a light activated process (Kluge, 1971a; Queiroz, 1974), converted to oxalo-
acetate and decarboxylated by PEP carboxykinase (Dittrich et al, 1973). The re-
leased C 0 2 is reassimilated via the C 3 cycle (Dittrich et al, 1973). The fate of the 
3-carbon residue from decarboxylation has not been elucidated but it has been 
suggested that it may be oxidized via the tricarboxylic acid cycle or converted 
directly to starch (Dittrich et al, 1973). 

Two additional metabolic features of C 3 , C 4 , and CAM plants which give 
evidence of environmental effects on carbon assimilation, and ultimately on 
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plant development, are the C 0 2 compensation point (the equilibrium C 0 2 

concentration between a brightly illuminated plant leaf and the surrounding 
atmosphere within a sealed chamber to which no additional C 0 2 is supplied) and 
the isotopic composition of the carbon in plant tissue. 

At optimum temperatures, the carbon dioxide compensation point (Γ) of C 4 

plants is at or very near zero. For C 3 plants, on the other hand, Γ is near 50 ppm 
C 0 2 . The optimum temperature for C 0 2 assimilation for C 3 plants is near or 
below 25 C and Γ increases with increasing temperature above the optimum. 

Few data on Γ are available for CAM plants. Both Jones and Mansfield (1972) 
and Connelly (1972) found Γ of CAM plants to be extremely variable in the 
light but more nearly constant in the dark. When Γ is determined in the dark, it 
does not fit the above definition. However, for pineapple, we will use Γ to mean 
the equilibrium C 0 2 concentration between the leaf and its environment in a 
sealed chamber, and additionally, note whether the leaf is in the dark or the 
light. Both Jones and Mansfield (1972) and Connelly (1972) found Γ values of 
Bryophyllum fedtschenkoi and pineapple, respectively, to be at or very near 0 
ppm when the plant is actively assimilating C 0 2 in the dark (for pineapple, this 
was at or below 20°C). An increase in the day/night temperature from 35°/20° 
to 35°/30°C resulted in a much higher maximum value of Γ in the dark for 
pineapple. High nighttime temperature apparently influences Γ by inhibiting 
PEP carboxylase activity, by increasing the respiration rate, or both. At a 
constant 30°C, no net C 0 2 uptake was observed in the dark and Γ approached 
50 ppm (Connelly, 1972). 

In the light, Γ was influenced both by light intensity (Jones and Mansfield, 
1972) and temperature (Connelly, 1972). The maximum value of Γ in the light 
for pineapple was obtained when appreciable amounts of C 0 2 were assimilated 
in the dark. With a nighttime temperature of 20°C, the maximum daytime Γ 
decreased from about 500 ppm C 0 2 to 60 ppm C 0 2 when the light-period 
temperature was reduced from 35° to 25°C (Connelly, 1972). With a nighttime 
temperature of 30°C, the maximum daytime Γ was 200 ppm at 35°C. The high 
nighttime temperature resulted in negligible net C 0 2 assimilation in the dark and 
the maximum dark-period Γ was 40 ppm C 0 2 . Γ was also found to be near zero 
in the light during the first hour or so after the lights were turned on (Jones and 
Mansfield, 1972) suggesting that C 0 2 was being assimilated via the C 4 pathway. 
Γ then increased with time, reaching a maximum value about 4 hours after the 
lights were turned on. A probable explanation is inhibition of PEP carboxylase 
by light-activated transport of malate from the storage pool to the cytoplasm 
where decarboxylation is believed to occur (Kluge, 1971; Querioz, 1968, 1974). 

Some time after the malate storage pool was depleted, the stomatal resistance 
declined (Fig. 5; Aubert, 1971). Autotrophic assimilation of C 0 2 then com-
menced, apparently by the C 3 pathway. Evidence for autotrophic C 0 2 assimila-
tion by the C 3 pathway was a burst of C 0 2 given off at the time the lights were 
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turned off (Connelly, 1972; Crews et al, 1975). Similar results have been 
reported for other CAM plants (Wynn et al, 1973) and the burst disappeared 
when pineapple leaves were exposed to low oxygen tensions (Crews et al, 1975). 
Such an 0 2 sensitive C 0 2 burst is indicative of photorespiration (Zelitch, 1971), 
a process which has been demonstrated by this technique to occur mainly in C 3 

plants. High daytime values of Γ and the C 0 2 burst at the end of the light period 
indicate that carbon assimilation in the light by pineapple occurs via the C 3 

pathway. It has been reported that malate is heavily
 1 4

C 0 2 labeled in the light 
in Bryophyllum once the malate pool has become depleted (Kluge, 1971a) 
suggesting that C 4 photosynthesis is initiated when accumulated malate has been 
decarboxylated. Other work (Osmond et al, 1973), based on

 1 4
C 0 2 pulse-chase 

experiments utilizing Kalanchoe daigremontiana, suggests that direct carboxyla-
tion of ribulose diphosphate occurs in the light and thus provides additional 
evidence for the operation of the C 3 pathway in the light. Thus, the results of 
several workers suggest that depending on the environment, some CAM plants 
including pineapple can assimilate C 0 2 by either the C 3- or C 4-photosynthetic 
pathway. 

The short-term effects of thermoperiod on C 0 2 assimilation in the light and 
dark by pineapple are considerable (Connelly, 1972; Neales, 1973). When 
nighttime temperatures were 20°C or below, dark fixation of C 0 2 was at a 
maximum and uptake in the light was greatly reduced or completely eliminated. 
At a constant 25° or 30°C, uptake of C 0 2 in the light as well as total uptake 
were significantly enhanced. The available data show that the proportion of 
carbon assimilated in the light (presumably by the C 3 pathway) by pineapple 
increases as the night temperature increases above 20°C and as the difference 
between day and night temperature decreases. Similar results were recently 
reported for Aloe vera (Crews et al, 1976), a plant which also decarboxylates 
accumulated organic acids via PEP carboxykinase. The data for Aloe vera show 
that when the night temperature was high and CAM activity low, the activities 
of PEP carboxylase, and especially PEP carboxykinase, were also low. Where 
high CAM activity prevailed, the activity of the carboxylase and decarboxylase 
showed concomitant increases. 

The isotopic carbon discrimination ratio also has been used as a diagnostic 
criterion to distinguish between plants having C 3 and C 4 photosynthetic path-
ways. C 3 plants discriminate against the heavier

 13
 C to a greater degree than do 

C 4 plants so that the isotopic carbon composition of C 3 plants is quite unlike 
that in the atmosphere, whereas that of C 4 plants is more nearly similar (Smith 
and Epstein, 1971). Recent reports show that CAM plants can have a variable 
carbon isotope composition within an identical group of plants (Allaway etal, 
1974; Bender et al, 1973; Lerman et al, 1974) and that isotopic composition 
can be varied by altering the plant environment (Bender et al, 1973; Crews et 
al, 1976; Osmond et al, 19Ί2). Plant temperature, light intensity, day length, 
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and moisture stress all cause the isotopic carbon composition to shift. The 
results obtained from carbon assimilation studies with pineapple (Connelly, 
1972; Neales, 1973; Neales et al, 1968; D. P. Bartholomew, unpublished) and 
studies cited above of the isotopic carbon composition of CAM plants other than 
pineapple support the assumption that cool night temperatures and water stress, 
conditions under which dark assimilation of C 0 2 predominates, cause CAM 
plants to operate basically in the C4 phot osy η the tic mode. Warm night condi-
tions, on the other hand, promote autotrophic assimilation of C 0 2 and would 
cause CAM plants to function more like C 3 plants. Additional reviews of CAM 
have appeared recently (Kluge, 1976; Osmond, 1976), and a number of models 
of CAM regulation have been proposed. Thus far, no one model seems able to 
account for all of the data. 

IV. WATER RELATIONS 

It has long been known that pineapple may be grown under semiarid condi-
tions and it has been reported to be nearly as hardy as cactus under drought 
conditions (Sideris and Krauss, 1928). Pineapple is one of a very few crop plants 
which can be classified physiologically as a true xerophyte. The crop is grown 
without irrigation in many areas where rainfall is 1000 mm or less (Table I), and 
in the tropics and subtropics potential evaporation often greatly exceeds this 
value. Pan evaporation at Wahiawa, Hawaii averaged 1850 mm per year (Ekern, 
1965b), while annual rainfall was in the range of 1000 mm per year (Noffsinger, 
1961b). For perennial mesophytic crops, this would result in an annual water 
deficit. This water deficit aspect is further accentuated by the fact that rainfall 
distribution tends to be seasonal. In Hawaii, the 4-month summer dry season 
when rainfall averages 25 mm per month is the period when water supply is most 
likely to limit growth. The seasonality of rainfall can restrict the growth of 
pineapple even in humid climates (Py et al, \95Ί\ Py and Tisseau, 1965). 
Survival during dry months may be related in part to the fact that the spiral 
array of semierect to erect leaves provides an efficient collection mechanism for 
light rains and dew (Ekern, 1965c). In addition, the relatively large volume of 
water stored in the leaves allows dark C 0 2 assimilation to continue relatively 
unabated after the onset of stress (Neales et al, 1968). The water storage tissue 
collapses as water is depleted and expands when water again becomes available 
(Nightingale, 1942; Collins, 1960; Sanford, 1962). 

The relationships between water deficits and plant growth and evaluation of 
methods to assess plant water deficits have received much attention (Kozlowski, 
1968a,b, 1972, 1976; Wiebe et al, 1971; Hsiao, 1973). Water deficits in 
pineapple have been indexed by the relative thickness of water storage tissue of 
the youngest physiologically mature leaf (termed D-leaf) and by the percentage 



Pineapple 129 

of white root tips visible on the roots in the soil (Sanford, 1962). Both methods 
rely on visual estimation of the plant water status and thus are likely to suffer 
from the handicap that growth may have been reduced by the time stress is 
visually detectable. Recently, estimates of plant tissue water potential ( ^ p ) f o r 
pineapple have been made (Wambiji and El-Swaify, 1974; Kadzimin, 1975) using 
the dye technique (Barrs, 1968). Normal values of Ψ ρ for pineapple w e r e - 4 to 
- 8 bars and were comparable to those obtained for other crop plants (Hsiao, 
1973). Growth of pineapple plants in soils salinized to various levels (Wambiji 
and El-Swaify, 1974) or dried to -15 bars or lower (Kadzimin, 1975) resulted in 
a decrease in Ψ ρ to values in the range range of - 2 0 to -30 bars. The 
relationship between Ψ ρ and growth has not yet been adequately ascertained for 
pineapple. 

There are few quantitative data available on the relationship between water 
supply and growth or yield of pineapple. Py and Tisseau (1965) indicated that 
application of 60 mm of irrigation water per month during the dry season in 
Guinea was sufficient to meet plant water requirements. However, there do not 
appear to be any data which allow the prediction of growth and yield reductions 
as a result of soil water deficits which occurred during the development of 
pineapple crops. 

Successful pineapple culture in areas where potential évapotranspiration is 
mugh greater than annual rainfall is related to the fact that pineapple has a very 
low consumptive use rate of water relative to mesophytic crops (Fig. 6) (Ekern, 
1965c). Transpiration rates of pineapple range up to 0.075 g dm"

2
 h"

1
 (Joshi et 

al, 1965; Neales et al, 1968; Yoder, 1969) and are about one-tenth to one-
twenty-fifth of those for mesophytic plants (Neales et al, 1968; Boyer, 1969). 
At full cover, the fraction of sunlight used for evaporation from a pineapple 
canopy was 0.08-0.28 (Ekern, 1965c); this contrasts with values of 0.6-0.8 for 
Bermuda grass sod exposed to the same conditions (Ekern, 1966). 

Water loss from the leaves of any plant is directly related to cuticular and 
epidermal characteristics, including stomatal features. Morphological and ana-
tomical features of the pineapple leaf responsible for the low transpiration rates 
of pineapple have been described (Section II). Control of water loss from plant 
leaves is exercised only at the stomata and the coincidence, or lack thereof, of 
stomatal opening with peak atmospheric evaporative demand primarily deter-
mines plant transpiration rates. The inverted stomatal rhythm of pineapple 
results in a lack of such coincidence and is in part responsible for the low water 
use rates observed for this plant (Ekern, 1965c; Joshi etal, 1965; Neales et ai, 
1968). However, in addition to their inverted stomatal rhythm, plants with CAM 
are also characterized by very low transpiration rates when the stomata are open 
during periods of relatively high evaporative demand (e.g., see Fig. 6). This result 
is due to an almost infinite cuticular diffusive resistance to water vapor and a 
high stomatal diffusive resistance. We have estimated normal cuticular resistances 
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Fig. 6 Relationship between sunlight [closed circles, langleys (ly) per 2 
hours] and consumptive use of water by Bermuda grass sod (open circles) 
and by pineapple 8 (open triangles) and 24 (closed triangles) months after 
planting (Ekern, 1965c, with permission). 

(adaxial surface with no stomata) in excess of 800 sec cm"
1
 with a specially 

designed and calibrated diffusion porometer (Bartholomew and Kadzimin, 
1976). Water loss from stressed pineapple plants can be almost completely 
suspended as evidenced by the fact that fresh weight losses from severed 
vegetative shoots of pineapple over periods of weeks to a few months generally 
amounted to no more than 60% (Sideris and Krauss, 1928, 1955). This contrasts 
with measurable cuticular resistances in the range of 10 to 80 sec cm"

1
 for 

conventional vegetation (Kramer, 1969). Stomatal diffusive resistances of pine-
apple also are high relative to mesophytic plants. Minimum resistances are in the 
range of 7-10 sec cm"

1
 (Aubert, 1970, 1971; Bartholomew, 1975) and maxi-
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mum values can exceed 300 sec cm"
1
 (Neales etal.y 1968; Kadzimin, 1975). By 

contrast, stomatal resistances for mesophytes range from a low of one or less to 
highs in the 20-30 sec cm"

1
 range (Holmgren et al, 1965; Whitman and Koller, 

1967). Where pineapple plants were stressed for water but were not visibly 
desiccated, midday maximum diffusive resistances greater than 600 sec cm"

1 

were not uncommon (Kadzimin, 1975). High midday resistances presumably 
estimate ab axial cuticular resistance. It is interesting to note the somewhat lower 
value of this resistance on the abaxial leaf surface where stomata are present 
than on the adaxial surface. 

The efficiency with which water is used by crop plants to produce dry matter 
is of particular importance where water supplies can limit productivity. While no 
data are available on the efficiency of water use by pineapple in terms of fruit 
yield, transpiration ratios for this plant are among the lowest on record. The 
transpiration ratio ranges upward from 200 for conventional vegetation (Kramer, 
1969). Laboratory and greenhouse results for pineapple yield values of 50 to 60 
(Sideris and Krauss, 1928; Joshi et al, 1965; Neales et al, 1968). While 
pineapple water use rates are low, Joshi et al (1965) suggested that carbon 
assimilation rates were insufficient to allow the plants to be agriculturally 
competitive in well-watered areas. Results presented in Section V, A of this chap-
ter show that crop growth rates (g m "

2
 day"

1
) for pineapple can be comparable 

to those of alfalfa and sugarbeets over a period of several months. Relatively 
high growth rates for pineapple coupled with its efficient use of water makes the 
crop an extremely attractive one in areas where water supplies may be marginal 
for mesophytic crop plants. 

V. CROP ECOLOGICAL ASPECTS 

A. General Growth 

Growth, development, and fruiting of pineapple are determined by a complex 
of plant and environmental factors. Growth has been indexed by whole plant 
weights, but perhaps more frequently by the weight and/or approximate area of 
the D-leaves (Aubert et al, 1973; Gaillard, 1969, 1970; Py et al, 1968; Py, 
1959, 1968; Su, 1969; Black, 1962). In addition, theoretical estimates of total 
leaf mass have been obtained through the use of the product of D-leaf weight 
times the number of new leaves formed since the last data were collected (Gaillard, 
1970; Py et al, 1968; Py andTisseau, 1965). One study of pineapple growth based 
on dry matter yields has been reported (Tay and Tan, 1971) and dry weights have 
been estimated from plant moisture contents of a subsample and the fresh 
weights of test plants (Joshi et al, 1965). However, most pineapple growth 
studies have been conducted on the basis of fresh weights (Sideris and Krauss, 
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1937, 1938; Sideris and Young, 1950; Py, 1959) so there is little opportunity to 
compare dry matter production rates of pineapple grown in different environ-
ments. 

Within a given environment, the increase in fresh weight for Smooth Cayenne 
is determined primarily by the weight of the plant at the time of planting. 
Commonly used sources of planting material are as follows: 

(1) Suckers (shoots), which develop from buds located in leaf axils along the 
stem soon after floral differentiation occurs. Sucker weights generally range 
from 0.5 to 1.0 kg. 

(2) Slips, which form at the base of the fruit and morphologically are the 
crowns of vestigial fruits (Jacques-Felix, 1950). Slip weights generally range 
from 0.3 to 0.5 kg. 

(3) Crowns, which develop above the fruit after all flower parts have been 
formed. Crown weights generally range from 0.075 to 0.2 kg. 

Growth, as indicated by an increase in fresh weight, is sigmoid for both the 
whole plant and its component parts (Sideris and Krauss, 1937, 1938; Teisson, 
1973) and recent data (D. P. Bartholomew, unpublished; Pineapple Research 
Institute, unpublished) show that a similar relationship holds for dry weight. A 
plot of the logarithm of fresh or dry weight against time is approximately linear 
up to about three months after floral differentiation. The use of planting 
material of different weights results in different amounts of initial capital (leaf 
area, storage reserves, etc.). Since the logarithm of plant weight at some interval 
of time after planting is linearly related to initial weight at the time of planting, 
where no competition exists the size of planting material is a primary deter-
minant of plant weight at some future time. Where competition for environ-
mental factors exists, initial weight differences would be maintained until 
competition between plants in the community limits the growth of the indi-
vidual. 

There are no data to show what combination of size of planting material and 
plant population results in interplant competition to the point where individual 
vegetative growth is suppressed. Black (1962) suggested that the large variability 
in plant weights observed at the later stages of his experiment was the result of 
interplant competition. The implication was that large plants were in a position 
to obtain environmental resources at the expense of adjacent smaller plants. 
Although no statistics were presented, such an effect should result in increased 
coefficients of variation as competitive pressure increased with vegetative devel-
opment. In Black's study, both planting density (34,600 plants ha

- 1
 ) and final 

average plant fresh weight (2496 g at 14 months) were low when compared with 
similar data collected in Hawaii (42,978 plants ha"

1
, 6069 g at 14 months; 

Pineapple Research Institute, unpublished). In the Hawaii experiment, the loga-
rithm of plant fresh and dry weights increased linearly with time for about 350 
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days. While standard deviations increased with increasing plant weight and time, 
no consistent trend in coefficients of variation was observed. Also, no consis-
tent decrease in plant weight or D-leaf weight with increasing planting density to 
levels greater than 60,000 plants per hectare has been measured in Taiwan or 
Hawaii (Su, 1969; W. G. Sanford, private communication). Small decreases in 
leaf number have been reported when density was increased from 29,000 to 
104,000 plants ha"

1
, but D-leaf weight was not altered significantly (Wee, 1969). 

Competition between pineapple plants apparently does exist even at relatively 
low densities, but its effect is primarily on the growth of reproductive parts and 
propagative structures such as slips and suckers. Linear regression equations 
calculated from the data of Dodson (1968) and Wee (1969) show that fruit 
weight decreases approximately linearly with increasing planting density and 
correlation coefficients were 0.95 or better for both sets of data. Py and Tisseau 
(1965) cite similar results for Martinique and Hawaii. In all instances cited, the 
decrease in fruit weight per increase of 1000 plants ha"

1
 was both a function of 

variety and of environment (presumably including quality of management). As 
planting density was increased, slips and suckers per plant, percent of plants 
fruiting, fruit weights, and fruit sugars all decreased while fruit acid increased 
(Wee, 1969; Mitchell and Nicholson, 1965; Dodson, 1968; Su, 1969). 

The apparent absence of competition between plants during vegetative 
growth is surprising when one considers the tremendous amounts of leaf area 
displayed by the pineapple crop community. Py (1959) gives data showing a leaf 
area index (LAI, m

2
 of leaf per m

2
 of ground) of 9.3 with a planting density of 

38,461 plants ha"
1
 at 14 months after planting. In an experiment conducted in 

Hawaii, green leaf weight of the mother plant increased to a maximum at about 
14 months after planting, remained nearly constant for about 4 months, and 
then began to decline. No leaf area data were taken in the experiment but we 
have since shown that the relationship between green leaf weight and area is 
linear (Yoder, 1969; D. Bartholomew, unpublished). However, data obtained 
from plants grown in controlled environment chambers showed that the specific 
leaf weight (mg cm"

2
 fresh weight basis) increased significantly from 114 in a 

30°C night temperature regime to 153 in a 18°C night temperature regime. 
Therefore, a single relationship between leaf weight and leaf area is not univer-
sally applicable. Calculations of LAI for the Hawaii data, based on a conservative 
relationship between leaf area and leaf weight, show that at a planting density of 
43,000 plants ha"

1
, the LAI could remain at or above 10 for at least 7 months. 

Sustaining such a high LAI for several months suggests that light distribution in 
the pineapple leaf canopy is uniform or the light compensation point is very low. 
Observations of leaf display support the former alternative. The spiral phyl-
lotaxy of pineapple leaves results in rather wide vertical separation between 
leaves. If spatial separation between leaves is of the order of d > 2w, where d is 
the distance between leaves and w is leaf width, then the angle of occlusion of 
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skylight 7 , where 7 = 2 tan"1 (w/d), is near a minimum (Loomis et al, 1971). 
Values of (w/2d) for Smooth Cayenne pineapple in Hawaii are of the order of 
0.13 to 0.15 about midway between the leaf base and the tip. These values 
would result in relatively low occlusion angles (7) of 15° to 17°. Foliage angle 
also affects the distribution of light over plant leaves and Loomis et al. (1971) 
state that simulations show little difference in productivity due to varying leaf 
angle when LAI > 2. However, a canopy where leaf angle increased progressively 
from 0° at the top of the canopy to 90° at the base, as is the case for pineapple 
(Fig. 7), was shown to be more efficient than the opposite arrangement. Thus 
the leaf display features of pineapple support the contention that maintenance 
of very high LAI over long periods of time results from uniform distribution of 
light in the canopy. 

Net assimilation rates (NAR) for pineapple range from about 0.4 to greater 
than 2.0 g m" 2 day"1 (Joshi et al, 1965; Tay and Tan, 1971; D. Bartholo-
mew, unpublished). The highest rates are one-tenth, or less, of those reported 
for mesophytic crop plants (Wilson, 1966, 1967). However, the low rates 
for pineapple gain significance when dry matter production is evaluated on 
a land area basis. At 8 months of age, field-grown plants in Hawaii have 
approximately 0.7 m 2 of leaf area and leaf area per plant continues to increase 
for another 4 -6 months, remains about constant for an additional 4 -5 months, 
and then begins to decline (Pineapple Research Institute of Hawaii, unpublished 

Fig. 7 A Smooth Cayenne pineapple plant showing the spirally arranged 
leaves and the wide range of leaf angles. 
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data). At an average planting density of 45,000 plants per hectare, LAI would 
increase to a maximum in the range of 12. An average NAR of 1.5 g m"

2
 day"

1 

was obtained for greenhouse-grown pineapple (Joshi et al, 1965) and higher 
values have been obtained for field-grown plants in Hawaii. An NAR of 1.5 g 
m"

2
 day"

1
 and an LAI of 10 or greater could result in a sustained pineapple crop 

growth rate (CGR) of 15 g m"
2
 day"

1
, a value which Hawaiian field data show 

would be sustained for a period of several months. The maximum CGR for 
alfalfa and sugarbeets was reported to be somewhat higher (Zelitch, 1971) but 
maximum CGR's generally are not sustained for long periods of time. Thus, low 
NAR values for pineapple appear to be compensated for by high LAI's over 
relatively long periods of time. In one Hawaiian experiment, about 390 tons/ha 
of fresh plant material and 62 tons/ha of dry matter, including the fruit, were 
produced in 656 days (Pineapple Research Institute of Hawaii, unpublished 
data). 

B. Effects of Temperature on Growth 

Few data on the specific effects of temperature on pineapple growth are 
available. The optimum temperatures for root and leaf elongation were about 
29° and 32°C, respectively (Sanford, 1962). In Hawaii, reduced solar radiation 
and temperature levels from about November to April resulted in slower vegeta-
tive growth rates (the slope of a logarithmic plot of plant fresh weight vs. time 
decreased). With the onset of warmer weather in the spring, the steeper slope of 
the previous summer's growth curve was reestablished (Pineapple Research 
Institute, private reports). The observed reduction in growth was probably due 
in part to lower soil temperatures which prevailed during the winter months. 
Average soil temperatures at Wahiawa, Hawaii from December to April were near 
21°C and about 0.5°C above air temperature (Ekern, 1967). It was reported that 
the average winter soil temperature was increased 1.5°C with the use of black or 
clear plastic mulch, and leaf weights of pineapple grown with mulch were about 
1.4 times those of plants grown on unmulched soil. The projected increase in 
growth based on the temperature-growth curves for pineapple corresponded 
well with the observed result (Ekern, 1967). The few data available would seem 
to suggest that low temperatures, rather than reduced solar radiation, are 
primarily responsible for the reduced growth observed during the winter season. 

The temperature of the soil or rooting medium can have a profound influence 
on the rate of growth of pineapple. Ravoof (1973) examined the effects of root 
temperature on the growth and nutrient uptake of pineapple slips grown in 
solution culture in a short-term (40-day) experiment. Root temperatures ranged 
from 15° to 30°C in 5° increments while tops were maintained at ambient 
greenhouse temperatures. At 15°C, fresh weight of the slips was less than at the 
outset of the experiment. Above 15°C, fresh weight increased with temperature 
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from 20° to 30°C. However, the growth increment was less from 25° to 30°C 
than from 20° to 25°C as would be predicted from the published temperature-
growth curves. Leaf dry matter decreased from 16.5% at 15°C to about 12 to 
12.5% at 30°C. The interaction between temperature and nitrogen carrier was 
interesting. Root weights were greatest at 30°C when ammonium nitrate and 
sodium nitrate were the nitrogen sources while root weights were maximal at 
25°C in ammonium sulfate. Leaf weight, as a percentage of total plant weight, 
increased significantly from 77 to 80% as temperature increased from 25° to 
30°C. 

The short-term effects of temperature on growth (Sanford, 1962) or on C 0 2 

uptake (Connelly, 1972; Neales, 1973) do not correspond with long-term growth 
data, however. The maximum rate of C 0 2 uptake for a single attached pineapple 
leaf was observed at constant temperatures of 25° and 30°C and essentially all of 
the C 0 2 was taken up in the light (Connelly, 1972). Neales (1973) reported 
similar data for whole plants maintained at a 35°C night-27.5°C day tempera-
ture, i.e., total C 0 2 assimilation was greater when dark fixation was suppressed 
by high night temperatures. An experiment conducted in the South Eastern 
Plant Environment Laboratories phytotron at Raleigh, North Carolina showed 
that plant growth was maximum in a 30°C day-26°C night or 26°C day-22°C 
night temperature regime (Table II). On the basis of C 0 2 assimilation data and 
the temperature-growth curves available for pineapple, we had anticipated that 
dry matter production would also be optimum at or near 30°C. The data in 

TABLE II 
Effects of Thermoperiod on the Relative Rates of Leaf 

Elongation and Total Plant Dry Matter Production of Smooth 
Cayenne Pineapple as a Percent of That Obtained on a 30° C 

Day/26°C Night Regime
0 

Day/night Average Relative heart leaf Relative 
temperature temperature elongation total dry 
regime (C) (°C) rate (cm/week) wt. at 8 months 

30/26 28 100.0* 100.0
C 

30/30 30 78.1 4 8 . 2
d 

26/22 24 63.9 89.5
C 

22/22 22 61.9 75.5 
22/18 20 47.7 80.8 

a
T h e study was conducted in the South Eastern Plant Environment 

Laboratory phytotron, Raleigh, North Carolina, during 1974. 
^Results are weekly averages of four replicates measured over a 

period of 6 weeks. The data were not analyzed statistically. 
c
'

d
Resul t s followed by c were significantly greater (0.05 level of 

probability) than those followed by d as determined by student's t test. 
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Table II show that such was not the case, however. The relative weight data of 
Table II are based on unadjusted totals. Crown weights were measured prior to 
the installation of the experiment and the length of the tallest leaf was measured 
two months after planting at the time the treatments were imposed. Adjustment 
of dry weights on the basis of original crown weight or on length of the tallest 
leaf permitted discrimination between treatments which were not significantly 
different on an unadjusted basis. On the basis of adjusted totals, the relative 
yields at the different thermoperiods were 30°/26° > 26°/22° s 22°/18° = 
2 2 ° / 2 2 ° > 3 0 7 3 0

o
C . 

The biweekly increase in length of small heart-leaves has been used to index 
plant response to nutrients in Hawaii and a similar technique has been used 
elsewhere (Mitchell and Nicholson, 1965). In the phytotron study mentioned 
above, weekly measurements of heart-leaf growth were made. The maximum leaf 
elongation rate was about 9 cm per week for plants in the 30°/26°C thermo-
period. The values were similar to midsummer values obtained on well-watered 
field-grown plants in Hawaii. Two interesting results were evident from the data: 
(1) there is poor correspondence between increase in leaf length and final dry 
weight; (2) dry matter production can be considerable at temperatures which are 
suboptimal on the basis of short-term leaf and root elongation measurements, 
e.g., in a 22°/18°C thermoperiod where the average temperature is only 20°C. 

The discrepancy between leaf elongation and dry weight can be accounted for 
by the fact that at night temperatures of 30°C, specific leaf weights (g cm"

2
) 

were significantly lower than they were at night temperatures of 26°C and 
below. Thus, a high rate of leaf elongation was not necessarily reflected in high 
dry matter production. On the basis of plant appearance, we are of the opinion 
that plants at 22°/22°C were clearly superior to those grown at 22°/18°C.The 
lack of a clear distinction between plants at several of the temperatures is no 
doubt related in part to the small sample size necessitated by the limited growing 
space available in the phytotron. The relatively small decrease of 20% in average 
dry weight with a drop in average temperature of 8°C (from 30°/26° to 
22°/18°C) certainly attests to the adaptability of the Smooth Cayenne plant to a 
wide range of thermoperiodic regimes. The discrepancy between the long-term 
growth results obtained in the phytotron and short-term C 0 2 uptake studies can 
only be accounted for by the lack of adequate adaptation at a given temperature 
prior to data collection. To the extent that the data have been analyzed, studies 
of C 0 2 assimilation by a single attached D-leaf for the phytotron-grown plants 
generally support the dry matter accumulation data. 

C. Effects of Light on Growth 

Relationships between light intensity and the rate of C 0 2 uptake have been 
established for large numbers of C 3 and C 4 plants. The leaves of C 3 plants 
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generally are light saturated at 30 to 55 klux while C 4 plant leaves saturate at 
100 klux or greater (Zelitch, 1971). Net photosynthesis of CAM plants was 
reported to saturate at about 1000 ft-c (10.8 klux) (Black et al, 1971). 
However, more recent data of Crews et al (1975) show that both light and dark 
C 0 2 assimilation by pineapple increase with light intensity to 80.7 klux. The 
rate of deacidification of Bryophyllum tubiflorum leaves in light increased as 
light intensity was increased from 8 to 17 klux (Kluge, 1971). Aubert (1971) 
reported that both acidification and deacidification rates in pineapple leaves 
were reduced on days when energy receipt was reduced. The few data available 
would suggest that an estimate of light saturation of CAM leaves at about 11 
klux is too low, but definitive data are unavailable. 

It has been amply demonstrated that even though the leaf of a C 3 plant is 
light saturated at less than half of full sunlight, dry matter production by a crop 
community increases with increasing light intensity to levels of full sunlight 
(Zelitch, 1971; Loomis et al, 1971). We could find no studies for pineapple in 
which the relationship between light intensity and C 0 2 assimilation or dry 
matter production has been adequately examined. As was implied earlier, the 
collection of reliable C 0 2 assimilation data is much more difficult for CAM 
plants than it is for mesophytes. In order to obtain a realistic estimate of 
temperature and light effects on C 0 2 assimilation the CAM plant must be 
examined for an entire 24-hour period. This is because dark C 0 2 fixation and 
the synthesis of large amounts of malate have been demonstrated to inhibit the 
activity of PEP carboxylase (Ting and Dugger, 1968; Kluge, 1969; Queiroz, 
1968) and this is qualitatively indicated by the observed variation in Γ early in 
the light period (Jones and Mansfield, 1972; Connelly, 1972). A value of 0 ppm 
C 0 2 at the onset of the day suggests that C 0 2 is being assimilated via PEP 
carboxylase. A gradual increase in Γ suggests inhibition of PEP carboxylase 
resulting in an increase in the intercellular-space C 0 2 concentration which 
triggers an increase in stomatal resistance. 

It is logical to assume that daytime conversion of malate to starch and 
additional autotrophically assimilated C 0 2 will determine, at least to some 
degree, the level of available substrate and therefore the quantity of malate 
assimilated during the following night. Such an assumption is supported by the 
observation that low levels of solar radiation greatly reduced the diurnal ampli-
tude of titratable acids in pineapple leaves (Sideris et al, 1948; Aubert, 1971). 
The maximum titratable acid level attained after a low-sunlight day was about 
42% of that after a high-sunlight day (Aubert, 1971). Other results showed that 
titratable acid levels decreased with increasing shade for plants supplied with 
adequate amounts of nitrogen (Connelly, 1969). 

In addition to the shorter-term effects of light on carbon assimilation, 
temperature also affects the rate and pattern of C 0 2 assimilation with carryover 
effects lasting for periods of a week or more (Connelly, 1972; D. Bartholomew, 
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unpublished). An additional carryover effect of unknown duration has recently 
been demonstrated. The similarities in C 0 2 assimilation patterns for the data of 
Connelly (1972) and Neales (1973) are striking. The lack of correspondence 
between their short-term results and the longer-term growth response of pine-
apple plants grown under controlled conditions (see Section V, B) suggests that 
great care must be exercised when drawing conclusions about the longer-term 
responses of pineapple to environmental factors from short-term experiments. 

The effects of solar radiation on pineapple growth and yield have been 
recognized for quite some time. Nightingale (1942) emphasized that the carbo-
hydrate^aitrogen relationship of the pineapple plant, which is determined in 
part by the energy available for photosynthesis, was of greater importance than 
the amount of nitrogen applied to the plant. Several workers have reported that 
pineapple leaves were darker green at reduced light levels and a constant rate of 
nitrogen application, indicating that the rate of nitrogen utilization for growth 
was restricted by carbohydrate production at low-sunlight levels (Nightingale, 
1942; Sanford, 1964; Connelly, 1969; Su, 1969). In a shading experiment in 
which plants were widely spaced, it was reported that 25% shade had no effect 
on growth, while growth was reduced by 50% shade (Connelly, 1969). Aubert et 
al (1973) concluded that the primary factor limiting yield at 1000 m elevation 
in Cameroun was a low level of solar radiation. However, average temperature 
was 20°C which was 2.6°C lower than that at 500 m elevation. The changes in 
both hours of sunshine and temperature with elevation make isolation of specific 
effects more difficult. 

The only reported effect of sunlight on yield was an observation that a 20% 
reduction in sunlight decreased yield by 10% (Sanford, 1962). The scarcity of 
data on the effects of light on pineapple growth and yield makes it difficult to 
interpret much of the available data on season and planting density. A decrease 
in fruit weight with increasing density (Dodson, 1968; Tan and Wee, 1973; Su, 
1969) seems to implicate light as a possible limiting factor during development 
of reproductive parts. However, the lack of any well-demonstrated effect on 
vegetative development, even at very high densities (Wee, 1969) where the LAI 
must be very high, is perplexing to say the least. It seems an understatement to 
say that much work is left to be done in this important area of pineapple 
physiology. 

VI. PHYSIOLOGY OF FLOWERING 

A. Natural Differentiation 

Vegetative growth and reproductive development of pineapple are difficult to 
characterize as a specific sequence of events associated with the progression of 
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climatic change through the year. Numerous reports state that the length of time 
from planting to harvest of a fruit of a given size is determined by the weight or 
size of the material planted (Cerighelli, 1955; Collins, 1960; Hayes, 1960; Py and 
Tisseau, 1965; Py et al, 1968; P. Mitchell, 1953; A. R. Mitchell, 1962). In many 
areas where pineapple is grown, the crop is planted in the fall, winter, or early 
spring. Prior to the discovery of chemical forcing agents which could be used to 
induce flowering in pineapple, natural differentiation of the apex occurred 
during the late fall or early winter of the year following planting. 

In Hawaii during the fall-winter season, the rate of reproductive development 
and particularly the period from differentiation, either natural or induced with 
hormones, to appearance of the inflorescence requires about 60 days. The 
further development of the inflorescence and fruit to the time of harvest 
requires an additional 5 months for a total period from induction to harvest of 7 
months. When plants are induced to flower in late spring or summer, or at other 
times in warmer climates such as Ivory Coast, the period between floral induc-
tion and appearance of the inflorescence is 40-45 days. Further fruit develop-
ment requires slightly less than 5 months resulting in a total period from 
induction to harvest of about 6 months (W. G. Sanford, personal communica-
tion). 

A number of experiments have been conducted to determine what environ-
mental factors are primarily responsible for the natural induction of flowering 
(Py and Guyot, 1970; van Overbeek and Cruzado, 1948a,b; Py et al, 1968; 
Teisson, 1972; Gowing, 1961). There is general agreement that plant size 
determines to a great extent the susceptibility of Smooth Cayenne to flowering 
and that flowering occurs predominantly in the fall. In Hawaii, crowns and slips 
planted in the fall will differentiate naturally the following year, usually in the 
last week of November or the first week of December at the latest (J. C. Fo, 
personal communication). Some flowering also occurs at other times of the year, 
however. Small plants planted in the spring usually will not flower in the fall of 
the same year while large suckers planted at the same time often will flower 
(Gowing, 1961). However, in some cases very large plants have a lower per-
centage of flowering than medium-sized plants at the normal time for natural 
differentiation (Py and Guyot, 1970). 

Varietal differences in susceptibility to flower induction have also been 
noted. In Puerto Rico, nearly 100% of Red Spanish plants flowered in the fall in 
response to shorter days and cooler temperatures, irrespective of plant size. 
Under the same conditions, less than 50% of the Cabezona variety flowered 
naturally regardless of plant size and age (van Overbeek, 1946). Additional 
experimentation showed Red Spanish did not respond to reduced daylength but 
did flower if exposed to lower night temperatures (van Overbeek and Cruzado, 
1948a). Daylength is considered to be a factor in the flowering of Smooth 
Cayenne and Cabezona (Py and Guyot, 1970; van Overbeek and Cruzado, 
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1948a; Py et al, 1968); Gowing (1961) indicated the Smooth Cayenne grown in 
Hawaii is a quantitative, but not an obligate, short-day plant. In the Ivory Coast 
(about 4°N latitude) the change in daylength is very small with little or no 
change in night temperature. Under such conditions, the stimulus to flower is 
thought to occur as a result of a reduction in the hours of sunshine (Teisson, 
1972). 

Rapid vegetative growth rates tend to inhibit differentiation. Growth stimu-
lated by nitrogen fertilizers and irrigation or rainfall (Py and Guyot, 1970; Su, 
1969; Nightingale, 1942; Evans, 1959; Gaillard, 1969) inhibits flowering. Thus, 
once a plant has reached sufficient size to be susceptible to floral induction, 
environmental factors which promote flowering are those which tend to retard 
vegetative growth. Those factors would include a decrease in nutrition or water 
supply and reduced temperature, daylength, and solar radiation. 

B. Flower Induction with Growth Regulators 

The pineapple is unique among crop plants in being susceptible to flower 
induction by the application of growth regulators. It has been known for many 
years that pineapple could be induced to flower by exposure to smoke (Collins, 
1960). Rodriquez (1932) found that the active ingredient in smoke responsible 
for flower induction in pineapple was ethylene. Somewhat later, it was dis-
covered that auxin and auxinlike compounds could be used to induce pineapple 
to flower (Clark and Kerns, 1942). Gowing (1956) explained the effects of 
naphthaleneacetic acid (NAA) on flowering on the basis of antagonistic effects 
on native auxin levels in the pineapple stem apex. Although there apparently 
were no published observations, it has been recognized for some years that 
pineapple flowered a week to 10 days later if forced with NAA than if forced 
with ethylene, acetylene, or ethephon (2-chloroethylphosphonic acid). The delay 
in flowering when plants are forced with NAA appears to be explained by the 
results of Burg and Burg (1966) who showed that the application of NAA to 
pineapple resulted in ethylene production by the plant. Ethylene production 
peaked about 5-7 days after application of the NAA and it was proposed that 
the ethylene produced as a result of the NAA treatment was the factor responsi-
ble for stimulating differentiation. With the recognition of ethylene as an 
important plant growth regulator (Warner and Leopold, 1967), it is now gen-
erally accepted that artificial induction of flowering in pineapple is intimately 
associated with ethylene. However, no more complete explanation of the physio-
logical role of ethylene in this morphogenic process has been forthcoming. 

Despite the fact that the pineapple plant can be induced to flower by the 
application of growth regulators, chemicals differ in their effectiveness and 
susceptibility of the plants varies. In general, acetylene, ethylene, ethephon, and 
j3-hydroxyethylhydrazine are more effective forcing agents at most times of the 
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year than NAA, indoleacetic acid, 2,4-dichlorophenoxyacetic acid, and related 
compounds and the two groups of chemicals produce somewhat different results 
(Terry, 1975). According to Terry, a fruit produced as a result of forcing with 
NAA forms a more pointed cylinder, the top of the fruit is immature when the 
base is completely ripe, and the ripening peak in the field is fairly board. Fruit 
from plants forced with ethylene and related compounds form a more-or-less 
uniform cylinder which ripens more uniformly than NAA-fruit, and the ripening 
peak is narrowed. 

Differences in plant susceptibility to hormones have been observed also. As 
with natural differentiation, within limits, the larger the plant the more suscepti-
ble it is to floral induction (Cooper, 1942; Das et al; 1965; Py, 1958). Plants are 
more susceptible to chemical forcing near the season when natural differentia-
tion occurs (Das, 1965; Gowing, 1961). Rapid growth makes forcing more 
difficult (Py and Guyot, 1970; Wee and Ng, 1968; Evans, 1959; Gaillard, 1969; 
Py, 1958) as does a period of water stress sufficiently severe to cause cessation 
of growth (Py, 1958). Differences in susceptibility among cultivars have also 
been noted (Cooper, 1942; Das, 1965; Groszmann, 1950; Randhawa et al, 
1970; Wee and Ng, 1968; van Overbeek, 1946). Unsusceptible plants often can 
be induced to flower by applying higher concentrations of ethephon (E. J. 
Anderson, personal communication) or by multiple applications of acetylene 
(Aldrich and Nakasone, 1975) or NAA at intervals of a few days, a common 
practice in Hawaii. 

A recent study of the effects of temperature on pineapple growth and 
development under controlled conditions (D. Bartholomew, unpublished) was 
described in Section V, B. In that study, Smooth Cayenne plants grown in physio-
logical long days with high nitrogen were forced with ethephon at both 7 and 
9 months after planting. Although only two or four plants were forced in each 
treatment, ethephon was 100% effective in all thermoperiods where the night 
temperature was below 26°C with day temperatures ranging from 34° to 22°C. 
Since all conditions except temperature were held constant, the data suggest that 
night temperature can play an important role in determining plant susceptibility 
to forcing. We suspect carbohydrate/nitrogen relationships were associated with 
the degree of susceptibility to forcing, but tissue analyses have not yet been 
completed. 

One additional factor associated with forcing is the time of day. In a study 
conducted in Mexico, it was found that the percentage of flowering induced 
with acetylene was higher in the early morning and late afternoon than it was at 
midday (Aldrich and Nakasone, 1975). It has also been known for some time 
that ethylene is more effective if applied at nighttime than in the daytime. These 
results suggest that ethylene and acetylene are entering the plant leaf through 
the stomata. The inverted stomatal rhythm of pineapple would account for the 
greater effectiveness of gaseous forcing agents at night and in the early morning. 
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VII. EFFECTS OF ENVIRONMENT ON GROWTH CYCLE, 
FRUIT YIELD, AND FRUIT QUALITY 

As was mentioned previously, the size of material planted determines the 
weight of the plant at some later point in time. It has been shown conclusively 
for several pineapple cultivars growing in a number of areas that fruit weight is 
related to the size of planting material. Fruit weight is also highly correlated 
with plant weight, estimated leaf mass, and D-leaf weight at the time of floral 
differentiation (either natural or forced) (Gaillard, -1969; Py and Lossois, 1962; 
Py and Tisseau, 1965; Tan and Wee, 1973; van Overbeek, 1946; Mitchell, 1962). 
For commercial fruit, two fruit sizes generally are desired. The fresh fruit market 
demands a fruit weighing approximately 1.5 kg while a somewhat larger fruit, 
usually 2.0 kg or larger, is needed for processing. Since fruit size for processing 
must of necessity be approximately a constant, the determinants of fruit size at 
some point in time are size of planting material and length of the vegetative 
growth period. Fruit yield then becomes primarily a function of planting density 
and percentage of plants bearing fruit. 

The only criteria by which environments (physical and chemical characteris-
tics of the soil, quantity and distribution of rainfall, temperature, solar energy, 
and management factors such as fertilizer application, and weed, pest, and disease 
control) can be compared is on the basis of tons of fruit per hectare per month. 
The data of Table III give some indication of the tremendous variation in yield 
obtained in the tropics. In general, these data represent the highest yields 
reported in the literature. The yield data for various areas incorporate many 
variables, some of which are amenable to management and some of which are 
not. On the basis of published data, it would be difficult to develop a predictive 
relationship that could be used to evaluate the yield potential of a new area or 
the low yield realization of some areas currently producing pineapple. For 
instance, there was no indication why yields were so low in South Africa, 
especially when contrasted with the yield from Swaziland, an area having a 
similar climate. Management is one possibility, but more likely it is the lack of 
an adequate data base resulting from the fact that private research organizations 
or corporations do not publish their results. 

Some generalizations about relationships between location (and thus to some 
extent climate) and length of time from planting to harvest can, however, be 
made. Although temperature data were not available for all locations, the data of 
Table III are arranged approximately in order of decreasing average temperature. 
The months from planting to plant-crop harvest generally increased with decreas-
ing average temperature from 11 months at Nyombe, Cameroun to 32 months at 
Malkerns, Swaziland. Temperatures in Taiwan tend to be warmer than those in 
Hawaii in the summer and cooler in the winter. Although average temperatures 
and months to plant-crop harvest were similar at Touliu Experiment Station and 



TABLE III 
Length of Crop Cycle and Yield Data for Pineapple at Various Locations in the Tropics and Subtropics 

Yield 

Plant-crop 
Months to Months to Plus 

Planting plant crop ratoon crop Density0 tons ratoon Plant-crop 
material Date (plants tons ha"1 (tons fruit 

Location Cultivar and wt. (g) planted forcing harvest forcing harvest ha" 1) ha"1 m o n t h - 1 ha" 1) wt(kg) Reference 

Nyombe, Cayenne suckers 3/1966 6 11 61,500 98.4 8.94 1.60 Gaillard, 1970 
Cameroun 350 (A) 

Pekan Nenas, Singapore slips 7/1964 10 15-17 Var. Var. 71,729 59.4 3.71 89.9 0.95 Wee, 1969 
Malaysia Spanish (A) 

Buenos Aires, Montelira suckers 7/1969 13 20 53,280 103.4 5.17 1.94 Romero et al, 
Costa Rica (NAA) 1973 

Rio Piedras, Red slips 11/1956 n.d. n.d. n.d. n.d. 23,100 45.4 74.1 n.d. Samuels and 

Puerto Rico Spanish Gandia-Diaz, 
1960 



Rio Piedras, Cayenne slips 11/1956 n.d. n.d. n.d. n.d. 23,100 73.9 117.7 n.d. 
Puerto Rico 

Yeppoon, Cayenne slips 9/1967 8 16-17 21 28-29 36,000 59.4 3.60 108.2 1.65 Jorgenson, 
Australia (BOH) 1973 

Wahiawa, Cayenne slips 8/1958 14 23 28 36 43,000 101.5 4.41 188.2 2.36 Pineapple 
Hawaii (BOH) Research 

Institute, 
unpublished 
data 

Touliu Expt. Cayenne slips 8/1958 16 23 n.d. 40 44,444 64.8 2.82 134.5 1.62 Su, 1969 
Sta., Taiwan 

Thika, Kenya Cayenne crowns 4/1959 n.d. 22-30 n.d. 51 24,829 30.8 1.18 61.8 1.97 Evans, 1957 

E. London, n.d. n.d. n.d. n.d. 24-36 33,839 24.4 0.81 n.d. Strauss, 1960 
S. Africa 

Malkerns, Cayenne crown 3/1959 22 32 32 n.d. 56,800 84.2 2.63 152.7 1.68 Dodson, 1968 
Swaziland 85-199 (NAA) 

aForcing agent: NAA, napthaleneacetic acid; A, acetylene; BOH, 0-hydroxyethylhydrazine; n.d., no data given. 
*Where more than one treatment was reported, only the highest densities and yields are given. 
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Wahiawa, the difference in average fruit weight suggests a much smaller plant 
was forced in Taiwan. The cooler winters and warmer summers could account 
for the observed difference in fruit weight. Su (1969) has indicated that plant-
crop fruit were harvested about 25 months after planting and ratoon fruit at 38 
months after planting at Tashu and Kukeng, Taiwan (average temperatures for 
the two areas were 21.3° and 23.7°C, respectively). At other locations in 
Taiwan, it was stated that plant-crop fruit were harvested in the third year and 
ratoon-crop fruit about l y years later. Uniform plantings at four locations in 
Australia had quite large variations in a leaf growth index (Cannon, 1957). The 
lowest rate of growth and the lowest yield was at Flaxton, an area described as 
having cooler conditions than the other sites. The results, however, were con-
founded with water supply which was noted to have retarded plant establish-
ment at Flaxton and one other site. Since growth-rate reductions at latitudes 
where temperatures are cooler are often compensated for by an increased period 
of vegetative growth, the effects of location can be summarized by the following 
observations from Brazil (Anonymous, 1962). The cool climate of the subtropics 
or high altitudes retards growth and reduces yield (on a tons ha"

1
 month"

1
 basis, 

not necessarily on a tons per plant- or ratoon-crop basis, e.g., see Table III). Two 
years are required to mature fruits in southern Brazil, while near the equator in 
northern Brazil, fruits are harvested approximately 1 year after planting. 

An additional effect of climate on the growth cycle and yield is of impor-
tance. In warm climates as in the Ivory Coast, no second or ratoon crop is 
obtained from the established planting because suckers do not develop (Lacoe-
uilhe, 1975; W. G. Sanford, private communication). Shoots do develop high on 
the stem (called "hapas" in Hawaii) and, on becoming large, break off. It has 
been observed in Martinique that the higher the elevation, the better is the 
development of shoots (C. Py, personal communication, via W. G. Sanford). 
Thus, ratoon cropping may not be practical at low elevations near the equator, 
especially with Smooth Cayenne. If ratoon crops are harvested, ratooning may 
be labor intensive as in Malaysia, for example, where suckers are forced individu-
ally as they reach optimum size (Wee, 1969). 

Fruit quality is affected by climate also. Fruits which mature during the 
winter or at high altitudes where cooler temperatures and low levels of solar 
radiation prevail often are of inferior quality because of poor shape for canning, 
low brix, and/or high acid (Huang, 1956; Mitchell, 1953; Groszmann, 1950; 
Cannon, 1957; Collins, 1960; Aubert et al, 1973). Collins (1960) also indicated 
that fruit produced in warm climates such as Cuba, the Philippines, Haiti, and 
parts of Mexico have lower acid than comparable fruit in somewhat cooler 
climates. Fruit brix tends to decline and acid increases with increasing planting 
density, probably due to competition for sunlight. The above observation 
implicates solar radiation equally with temperature as a determining factor for 
fruit yield and quality. As was mentioned previously, the available data are 
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inadequate to allow the determination of the relative contribution of each of 
these factors to pineapple plant growth and fruit development. 

VIII. PESTS AND DISEASES 

Crop pests and diseases usually accumulate when a crop is monocultured. 
Pineapple is no exception in this regard and the incidence of problem pests and 
diseases is no doubt associated with the fact that pineapple production on a 
relatively large scale often is a monoculture based on a single asexually propa-
gated cultivar. The buildup of certain pests may also result from ecological 
changes associated with the repetitive use of a particular set of cultural practices. 
Two prominent examples are available in Hawaii which would have eliminated the 
pineapple industry if control measures had not been developed. Mealy bug wilt 
caused by Pseudococcus brevipes (Ckll.) was a serious problem in the 1930's. Dr. 
Walter Carter discovered the cause of and control measures for this threat to the 
industry (Carter, 1973). Dr. Carter (1943) and Dr. C. T. Schmidt (Carter, 1973), 
respectively, discovered the soil fumigants D-D (dichloropropaneidichloropro-
pene) and DBCP or Nemagon (dibromochloropropene). These two fumigants 
made it possible to inexpensively control the root knot [Meloidogyne javanica 
(Treub) Chitwood] and reniform (Rotyienchulus reniformis Linford and Obvi-
era) nematodes, populations of which had built up to near disastrous levels. 

The incidence of pests and diseases varies widely in importance. Pests un-
known or of little importance in one area may pose serious hazards to pineapple 
culture in other areas. In general, the ecological aspects of pineapple pests and 
diseases have been adequately discussed in the two most recent books on 
pineapple culture (Collins, 1960; Py and Tisseau, 1965). The discussion here is, 
therefore, restricted to some recent findings associated with plant pest problems 
in Hawaii that may in some cases have ramifications beyond the Islands. 

Root rot and heart rot of pineapple caused by Phytophthoracinnamomi Rand 
and P. parisitica Dastur can cause large losses of plants in localized areas where 
soil drainage is poor and/or during periods of heavy rainfall (Collins, 1960; Py 
and Tisseau, 1965). It has been observed that the incidence of rot caused by P. 
parisitica was frequently associated with areas where soils are alkaline. Damage 
associated with P. cinnamomi is also somewhat dependent on soil pH. In areas 
where pineapple is grown in highly weathered soils, when climate favors disease 
development, a relatively small increase in soil pH due to the application of lime 
can result in a relatively large increase in the percentage of plant damage (W. G. 
Sanford, private communication). 

Soil pH apparently also influences nematode populations. A recent pot study 
showed that an increase in soil pH as a result of the application of CaC0 3 

resulted in a decrease in the number of extractable reniform nematodes (Ro-
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tylenchulus reniformis Linford and Oliviera) (Englerth, 1969). A recently com-
pleted experiment corroborates the above results but indicates that the relation-
ship between nematode population and soil pH is not a straightforward pH 
effect (W. J. Apt and J. A. Silva, private communication). Further studies on this 
interesting finding are currently underway. 

Two fruit diseases, pink disease caused by Acetomonas sp. and interfruitlet 
corking (IFC) caused by Penecillium funiculosum Thorn (Hepton and Anderson, 
1968), have received recent attention. Pink disease is a problem in Hawaii, 
Australia, Taiwan, and the Philippines. The most evident symptom of the disease 
is a browning of the fruit, which occurs during canning. Infection occurs through 
the open flower but the sporadic incidence of the disease had baffled re-
searchers. The incidence of infection is likely to be highest when temperatures 
are cool and relative humidity is high (Rohrbach and Pfeiffer, 1971). On the 
basis of observed relationships between disease incidence and climate it is 
believed that pink disease occurs when temperatures are within a few degrees of 
17°C at the time of flower opening and the temperature does not exceed 29°C 
during the period from flowering to harvest (K. G. Rohrbach, private communi-
cation). Temperatures above 29°C apparently are lethal to the organism. Disease 
incidence thus likely would be restricted to areas of the subtropics and at higher 
elevations in the tropics. 

Interfruitlet corking has been reported only in Hawaii where the disease was 
primarily responsible for eliminating a promising new hybrid pineapple. The 
disease reportedly invades the noncutinized flower parts about 3 months after 
floral differentiation (Hepton and Anderson, 1968). Recent work indicates 
infection may take place much closer to or at the time of flower differentiation 
(K. G. Rohrbach, private communication). If this finding is supported by 
additional data, corrective measures would need to be taken much earlier than 
indicated by the results of Hepton and Anderson (1968). Symptoms similar to 
those of interfruitlet corking have also been observed in the pineapple growing 
areas of Africa (W. G. Sanford, private communication). 
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Tropical and subtropical grasslands encompass a large floristic diversity, a 
wide spectrum of environmental circumstances, and include, for the purposes of 
this chapter, man's domestic livestock. Most other chapters in this volume deal 
with only one species, some of which occupy a very limited niche in the 
environment. However, this chapter will take into account the heterogeneity of 
plant species, principally those in the grass and legume families and the wide 
range of environments in which they grow between 30°N and 30°S latitudes. A 
brief summary of the natural grassland ecosystems of the tropical zone is given 
to acquaint the reader with their floristic composition, their similarities and 
differences, and some factors which influenced the development and production 
of certain ecosystems. 

Any particular natural tropical grassland is composed of a multitude of 
species, and any change in a single component of'the environment may bring 
about drastic changes in the ecosystems. Components of the environment such 
as light, temperature, and water are dealt with only in a general way, since 
quantiative data for natural grasslands do not exist and only recently have data 
become available on a few cultivated forage species. The main emphasis is on 
the soil factors which limit production of Hie primary producers in soil-plant-
animal systems. The interface between the soil and plant is of primary concern, 
although we are well aware of the effect of grazing pressure on the ecophysiology 
of tropical grasslands. The subjects of forage utilization by grazing animals, the 
effects of quantity and quality of forage on offer, and grazing and animal 
management are omitted from this discussion. 

II. FLORA OF NATURAL GRASSLANDS 

A. Distribution of the Grass Family 

There is a phylogenetic similarity among the grasses associated with natural 
grasslands throughout the tropical regions of the world. If the classification of 
Stebbins and Crampton (1959) is accepted, most grasses occur in the subfamilies 
of Panicoideae and Eragrostoideae. We must be aware, however, that a wide 
spectrum of environments occurring in the tropics suggests that a variety of 
genera and species have evolved, some of which fit into very narrow niches of 
ecosystems. If we define the tropical and subtropical region to include, in many 
parts of the world, up to 30°N and 30°S latitudes, we greatly expand the 
environments to which tropical grasses have become adapted. Within this zone 
there are large variations in light intensity and duration, oscillations in tempera-

I. INTRODUCTION 
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ture, large differences in altitude, amount and distribution of rainfall, and 
tremendous variations in all aspects of soil environment. 

The sensitivity of certain genera and species of grasses to specific components 
of the environment is becoming better understood. Kikuyu grass (Pennisetum 
clandestinum) grows well at an altitude of 2500 to 3000 m near the equator but 
descends to near sea level at 30°N and 30°S latitudes. Certain grasses are adapted 
to aquatic conditions and a complete spectrum of moisture conditions is found 
in the Amazon basin from almost continuous flooding to very dry desert 
conditions. Even with this very broad spectrum of conditions, the primary 
subfamily of grasses represented is Panicoideae. It is in this subfamily that most 
tropical grasses occur, with a few grasses from Eragrostoideae. On the other 
hand, as we move out of the tropical regions of the world, Festucoideae become 
the dominant subfamily. 

Speciation in the grass family is extremely difficult because changes in 
environmental circumstances result in morphologically distinguishable differ-
ences within species. We are also dealing in many cases with extreme differences 
in chromosome numbers without any morphological manifestations. To add to 
the difficulty, apomictic swarms occur in many genera of the Panicoideae 
subfamily which are difficult to classify. In recent years, plant geneticists have 
discovered sexual types in Cenchrus ciliaris and Panicum maximum, and this has 
provided a means of releasing the gene pool. Many new types of grasses are being 
developed which differ greatly from parent plants both morphologically and 
agronomically. This promises to be one of the most important developments for 
production of new cultivars which, no doubt, will increase the range of adapta-
tion of many tropical grasses. Many other species of tropical grasses also display 
apomictic behavior and the development of new cultivars awaits discovery of 
sexual plants within these species. 

A classic example of improvement which can be realized by development of 
new cultivars is the selection of a hybrid by Dr. Glenn Burton at Tifton, Georgia. 
This is a hybrid between a South African introduction and a naturalized 
Cynodon dactylon growing in Georgia. This hybrid is almost completely sterile, 
so it depends on vegetative methods for propagation. It is much more productive 
than naturalized forms of Cynodon introduced in the southeastern area of the 
United States and at least five million hectares of "Coastal" Bermuda grass are 
now being grown in the southern part of the United States. Another cultivar, 
"Midland" Bermuda grass, has extended the range of the genus Cynodon several 
degrees further north in the temperate region of the United States. This grass 
provides a very important source of feed during periods of the year when 
temperate species are of low production or low quality. Coasteross-1 is another 
hybrid Cynodon which was selected specifically for its high rate of digestibility. 
These examples serve to illustrate some potential improvements which may be 
made by the genetic manipulation of grasses available in the tropics. 
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B. The African Grasslands 

African grasslands have been the source of most tropical grasses used in 
improved pastures throughout the world. A description of these grasslands is too 
complex to include in this chapter, but they are well described by Rattray 
(1968). African grasslands cover a wide spectrum of environments from dry 
deserts of the Sahara to the tropical rain forest of Zaire. Ecologically, most 
grasslands of this continent must be considered disturbed grasslands because of 
the long influence of man. Another unique feature of African grasslands has 
been the presence of ungulate animals which have been an important factor in 
development of grasslands of high productivity in terms of animal products. 

Our interest in African grasses relates to their migration to other tropical 
regions of the world and the superiority of many of these grasses to indigenous 
species of the grasslands of South America, Australia, and Asia. In Central and 
South America, as well as Australia, most artificial pastures are being planted to 
grasses which have their origin on the African continent. Forested areas in the 
Amazon basin are being cleared and planted to perennial African grasses. Similar 
procedures are being practiced in Central America, in Australia, the cerrados of 
Brazil, the savannas of Venezuela, and the llanos of Colombia. The superiority of 
African species is well recognized, and research is now progressing at a rapid pace 
to explore the gene pools of a large number of African genera and species for the 
purposes of developing superior grasses for animal production which fit a 
particular niche in the environment. The migration of African grasses was 
discussed by Parsons (1972). Some of the most important migrants have been 
species of Panicum, Pennisetum, Melinis, Hyparrhenia, Cynodon, Brachiaria, 
Cenchrus, and Chloris. 

C. South and Central American Grasslands 

For purposes of this chapter, major areas of tropical natural grasslands as 
represented by the cerrados and caatingas of Brazil, the savannas of Amapa and 
Roraima in Brazil, as well as the savannas of Venezuela, Guyana, Surinam, and 
the llanos of Colombia will be considered. The cerrados of Central Brazil are 
mixed formations of trees, shrubs, and an understory of grasses. They occupy 
extensive areas in the central plateau region of Brazil, primarily in the states of 
Säo Paulo, Minas Gérais, Goiâs, and Mato Grosso. Most natural grasses are very 
low in quality and belong to the genera Panicum, Paspalum, Andropogon, and 
some less important genera. Ecologists do not entirely agree as to the reasons for 
this vast area of grasslands in the central plateau. Three primary factors have 
been associated with the existence of this grassland region. It has been suggested 
that cerrados represent a disclimax because of the occurrence of annual burning. 
It has also been suggested that the forest has been prevented from developing 
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because of moisture deficits due to the relatively long dry season, while others 
accept the theory that edaphic factors associated with extremely low levels of 
nutrients in the soil are responsible for the grassland type of vegetation. A most 
important feature of the flora of the cerrados is the number of species and 
diversity of the legumes which occur in this region of extremely low soil 
fertility. This region is a very important source of the genera Stylosanthes, 
Arachis, Desmodiwn, Galactia, and many other tropical legumes peculiarly 
adapted to this particular climatic and soil environment. Since there are regions 
of the world which have similar environmental circumstances, this area may 
serve as a source of genes for plant breeding programs around the world. Without 
doubt, one of the most important research efforts which should be undertaken 
in Brazil is to make extensive collections of this treasure of legume germ plasm 
and to make provisions for its preservation for future generations of plant 
scientists. Most legumes indigenous to this region are very tolerant of acid soils, 
extremely low fertility, high aluminum and manganese levels, and moisture 
stress. 

The savannas of Northern Brazil are dominated by the grass genera Trachypo-
gon, Andropogon, Paspalum, Panicwn, and Axonopus. 

Since the soils of the Guyanas, Venezuela, and Colombia are heavily leached 
and the region is characterized by a wet-dry season pattern of rainfall, a thread 
of similarity exists among the genera of grasses represented throughout this 
region. There are local differences which are easily recognized by taxonomists 
and ecologists, but the procedures for development and improvement of these 
grasslands for animal production are very similar. Many genera of legumes also 
occur in the savannas and representatives of the genera Stylosanthes, Desmo-
dium, Aeschynomene, Calopogonium, Centrosema, Clitoria, Galactia, Indigofera, 
Phaseolus, Teramnus, Vigna, and Zornia are to be found. Very little if any 
exploitation of these herbaceous legumes has been made and researchers need to 
avail themselves of the opportunity of developing these legumes for livestock 
production. 

D. The Tropical Australian Grasslands 

The characteristic species of humid and subhumid tropical grasslands of 
Australia are Heteropogon contortus and Themeda australis. There are many 
other species in the genera Sorghum, Dichanthium, and Bothriochloa, but the 
first two genera dominate the vegetation. As rainfall diminishes toward the 
interior of the continent and conditions become more arid, species of Aristida, 
Triodia, and Astrebla dominate the vegetation. As in the American tropics, there 
has been a migration of African species into Australia including Panicum maxi-
mum, Digitaria decumbens, Melinis minutiflora, Setaria anceps, Cenchrus ciliaris, 
Pennisetum purpureum, and Chloris gayana for improved pasture. Australian 
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scientists have made great strides in developing tropical legumes which are 
adapted to a wide range of conditions in the Australian grassland environment. 
For the humid and subhumid tropical region, Centrosema pubescens, Desmo-
dium intortum, Glycine wightii, Pueraria phaseoloides, and Macroptilium atro-
purpureum are being planted as rapidly as seed stocks become available. In drier 
regions, three different species of Stylosanthes are finding a place in their 
pasture programs. Most of these legumes have been imported from tropical 
America, although some have been introduced from other tropical regions of the 
world. 

Only a very small area of tropical Australia exceeds 1600 mm of annual 
rainfall. The relatively low summer rainfall characteristic of tropical Australia 
has provided an incentive to seek tropical grasses and legumes which will tolerate 
a long dry season. Many of the same problems, associated with low fertility 
levels, high acidity, and moisture stress found in the savannas of tropical 
America also occur in Australia. 

III. THE TROPICAL ENVIRONMENT AND GRASSLANDS 

A. Light 

Radiant energy is one of the greatest assets of tropical environments since the 
variation in the amount of solar radiation received at the top of the atmosphere 
during the year is quite small. Many tropical species of grasses have a unique 
C 0 2 fixation pathway which, at higher light intensities, results in a much higher 
rate of photosynthesis when compared with temperate species. Currently, two 
major pathways of photosynthesis are recognized and plants are classified as 
either C 3 or C 4 plants. Some physiological features of C 3 and C 4 grasses are 
summarized in Table I. 

Rates of photosynthesis in tropical grasses (C4) are of the order of two or 
three times those of temperate grasses ( C 3) and tropical legumes (C 3) . Such high 
rates of C 0 2 fixation are partially accounted for by a more complicated 
biochemical photosynthetic pathway and are also partially due to lack of 
photorespiration. These differences in rate of C 0 2 fixation between C 3 and C 4 

plants become much more apparent at higher light intensities. Our present 
knowledge suggests that C 4 grasses may not reach light saturation even at highest 
levels of solar radiation (Fig. 1), whereas assuming that temperature, C 0 2 levels, 
and other factors of the environment are not limiting, light saturation is achieved 
for C 3 legumes at solar radiation levels of less than one-fourth of maximum. C 4 

grasses have the capacity of converting up to 5 to 6% of incoming solar radiation 
at the earth's surface at relatively high temperatures giving them a comparative 
advantage over C 3 tropical legume species (Fig. 1). Since variation in solar 
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TABLE I 
Physiological Features of Temperate (C 3 ) and Tropical 

(C 4 ) Grasses 

Characteristics Temperate Tropical 

Photosynthetic capacity 20-30 mg 40-60 mg 
C 0 2 dm^h"

1 
C 0 2 dm-'h"

1 

Growth rate at optimum X
a 

2 - 3 * 
Photorespiration Present Absent 
Efficiency of water use X 2-3X 
Optimum growth temperature 15-22°C 22-35°C 
Low temperature limit 5°C 10°C 
High temperature limit 30°C 45°C 
Light saturation 20-30 klux 60 klux or more 

a
X, level of attribute. 

energy is much smaller during the year under tropical than temperate climates, if 
other environmental conditions are near optimum for forage growth, high rates 
of production can be realized. Yields of over 50,000 kg dry matter per hectare 
per year have been reported for such grasses as Pennisetum purpureum and 
Panicum maximum. On the other hand, a high yield of pure tropical legume 
swards would be of the order of 12,000 to 16,000 kg/ha. 

1. Light Response and Legume-Grass Association 

Establishment and maintenance of legume-grass swards in tropical environ-
ments have been difficult to achieve. Many factors affect the balance between 
these two plant families, and it is apparent that the difference in their photo-
synthetic mechanisms may be one of these factors. Since C 4 grasses have growth 

i.o 

Relative 

Yield 0.5 

Dry Matter 

0.25 0.5 0.75 1.0 

Light Intensity > s™ J h t 

Fig. 1 Generalized relationship of light intensity and yield in tropical C 4 

grasses and tropical C 3 legumes. 
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rates at least twice those of C 3 tropical legumes, optimum nutrient levels for 
legumes must be provided, and defoliation systems devised to utilize the faster 
growth of tropical grasses, if the association is to be maintained. Research is 
being concentrated on this subject to develop production and management 
systems which will maintain both components in the sward at levels satisfactory 
for high production and forage quality. Legume-grass associations are very 
complicated ecosystems in which the environmental factors, light, temperature, 
nutrient supply, and moisture, play important roles. Growth habits of species, 
their geometry, and recovery mechanisms may also be critical factors in their 
persistance. 

Many tropical legumes are viny plants which maintain a high level of exposure 
to solar energy by climbing on tall tropical grasses; these are Pueraria phaseo-
loides, Centrosema pubescens, Macroptilium purpureum, and many others. If 
environmental conditions are optimum for the growth of legumes, it is not 
uncommon for legumes to become dominant and eliminate associated grasses, 
even though grasses may have a comparative advantage of a faster growth rate. 

2. Plant Geometry and Light Interception 

Species of tropical grasses differ greatly with respect to their ability to trap 
solar radiation, and thus, their net assimilation rates. The optimum leaf area index 
(LAI) varies from 2 to 3 to over 15 among species, and there are also extreme 
differences among strains within species. Some strains of Pennisetum purpureum 
and Panicum maximum have nearly vertical leaves during much of their growth 
period, which permits development of large leaf areas and greater efficiency of 
intercepted light. Other species of Cynodon, Digitaria, and Brachiaria have their 
leaves oriented more nearly horizontal and develop much lower leaf areas. Most 
species of viny legumes have mostly horizontal leaves and relatively low LAPs 
when compared with grasses. This marked difference between leaf structure of 
tropical legumes and some tropical grasses adds another complicating factor to 
management of tropical legume-grass associations. The foliage area required to 
intercept most incoming radiation is very important in maximizing production 
of pasture swards. Canopies which display a more horizontal leaf surface prob-
ably have an advantage under more frequent defoliations by grazing animals 
than those which are more nearly vertical. The latter will reach their maxi-
mum production level with less frequent defoliation so that the canopy can 
better attain its optimum LAI. Herein lies one of the difficulties of maintaining 
legume-grass associations with C 3 legumes having a high extinction coefficient, 
which attain their maximum growth rates at an LAI of about 4, and associated 
C 4 grasses having low extinction coefficients which attain their maximum 
growth rate at an LAI of about 12. The concept is illustrated in Fig. 2. Although 
the curves do not indicate any specific legume-grass combination, the relation-
ship is obvious. Grasses have a comparative advantage, assuming that other 
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50h 

Leaf Area 

Fig. 2 Leaf area index and growth rates in grasses and legumes as related 
to leaf architecture. Κ = extinction coefficient. 

conditions of the environment are optimum for each component of the mixture. 
However, legumes may occupy about the same competitive position as grasses 
under low light intensities—rates of C 0 2 fixation are about the same for C 3 

legumes and C 4 grasses at light intensities of about one-fourth full sunlight—if 
they have a viny growth and are able to maintain a high level of leaf exposure to 
solar energy. The fact that mixtures of Macroptilium, Centrosema, and Pueraria 
in combination with Panicum maximum, Pennisetum purpureum, and Brachi-
arias sp. are found under high rainfall conditions, where a heavy cloud cover is 
common, suggests that grasses and legumes under this light environment are 
about equally competitive and form compatible mixtures. Areas where such 
combinations seem to thrive are the wet coastal areas of Queensland, the high 
rainfall areas of western Ecuador and Colombia, the piedmont region on the 
eastern slopes of the Andes, and the southeastern littoral areas of the Brazilian 
coast. No doubt, many areas of the Amazon basin will also support such 
legume-grass associations. 

3. Photoperiodic Response 

Since relatively short daylengths prevail in the tropics, it would be expected 
that most tropical grasses and legumes would be short-day plants. It is well 
known that some species and cultivars of tropical forages are indeterminate over 
a wide range of daylengths and show very little photoperiodic response, while 
others are very sensitive to daylength. Some cultivars of Paspalum notatum 
produce abundant seed at higher latitudes, but never flower at low latitudes. A 
collection of ecotypes of Panicum maximum in Florida (ca. 30°N) exhibits a 
wide spectrum of photoperiodic responses ranging from types which do not 
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flower during the growing season to those that flower profusely even during the 
longest days of the year. A similar collection of Pennisetum purpureum in 
Venezuela (ca. 10°N) has both abundant-flowering and nonflowering types. As a 
pasture grass, Melinis minutiflora performs quite differently at about 20°S 
latitude in Brazil than it does at lower latitudes in Colombia. Initiation of 
reproductive tillers in many tropical grasses results in interruption of growth 
which is frequently followed by a period of dormancy or relatively slow growth. 
Maintaining grasses in a vegetative state is usually favorable to sustaining a high 
nutritive value for grazing animals, as well as preserving high growth rates over a 
longer period of time. The above statements are from observations made by the 
authors; few critical observations are available on flowering responses in tropical 
grasses. The conflict of interest between plant breeders, who strive for high 
yielding types which produce an abundance of seed, and pastoral agronomists, 
who prefer nonflowering types with high nutritive value, suggests that new 
cultivars should include the combined efforts of the two disciplines. Future 
development of new cultivars for the tropics may require close interregional 
cooperation with seed being produced of a superior strain in a seed producing 
environment, which then can be grown for pasture and forage in an environment 
where no flowering occurs, so that a high nutritive value may be attained. If the 
development of new cultivars of tropical species is to progress at a rapid pace, 
there must be simultaneous screening and selection of superior types under a 
broad spectrum of environments. This will provide exposure to all kinds of 
environmental stresses, including differences in solar radiation, temperature, 
water, and nutrient supply, as well as biological factors such as diseases, insects, 
weeds, and the stress imposed by the grazing animal. Today, the grassland hus-
bandman in the tropical and subtropical regions of the world is dependent upon 
his seed supply from an entirely different set of environmental circumstances 
from those in which he operates. Many failures have occurred and will continue 
until the breeder tests his material under a much broader environment. The 
photoperiodic response is only one aspect of the total development problem, but 
a very important one when considering seed propagated cultivars. 

Most of the principles with respect to photoperiodic response suggested for 
grasses also apply to tropical legumes. Photoperiodic response in the genus 
Stylosanthes (Table II) was studied by t'Mannetje (1965). The strain of S. 
guyanensis which he studied flowered only at the 8- and 10-hour photoperiod, 
while S. mucronata flowered at all photoperiods observed including 14 hours. 
The yield of dry matter continued to increase in both species as daylength 
increased. Since natural distribution of S. guyanensis extends beyond 25°N and 
25°S latitudes, a broad spectrum of photoperiod, i.e., responses, would be 
expected within the species. Much more research is needed to determine the 
strains best adapted to a particular environment. 
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TABLE II 
Photoperiodic Response of Stylosanthes guyanensis and S. 

Mucronata
a 

Photoperiod (hr) 8 10 12 14 

No. of days to flowering 
S. guyanensis 52 52 - -
S. mucronata 51 53 54 62 

Yield of dry matter (g) 
S. guyanensis 9.60 8.77 12.30 12.08 
S. mucronata 2.78 2.69 2.18 4.10 

a
t 'Mannetje, 1965. 

B. Temperature 

Temperature is an important factor in determining the general distribution of 
both grasses and legumes in the tropics, and no doubt had a major role in the 
evolutionary development of both families. Two important aspects of tempera-
ture are seasonal changes, which occur during the year and are usually expressed 
as average daily means, and diurnal variations which are indicated by the 
oscillation of day and night temperatures. The amplitude of these variations 
increases with increases in latitude and altitude. Low temperatures restrict the 
growth of both tropical legumes and grasses and, when temperature during any 
period of the day drops to 10°C, growth rates approach zero. General relation-
ships between temperature and growth rates of temperate grasses and legumes, 
tropical legumes, and tropical grasses are shown in Fig. 3. Optimum tempera-

Fractional 

Yield 0.5 

Dry Matter 

Fig. 3 Temperature and fractional dry matter yield in tropical and tem-
perate grasses and legumes. 
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tures for maximum production of temperate species are in the range of 20°C, for 
tropical legumes 30°C, and for tropical grasses may be as high as 40°C. From 
physiological studies on other crop plants, increases in temperatures are known 
to increase rates of respiration, and this general relationship probably also 
applies to tropical forages. With legume-grass associations, high temperatures 
above the optimum for tropical legumes seem to favor the tropical grasses, since 
tropical legumes reach their maximum growth rate at lower temperatures. 

C. Moisture Regimes 

Moisture relationships and their effect on distribution of tropical forage 
species and their seasonal production are beyond the scope of this chapter. 
However, it is well known that water balance in a particular environment may be 
the dominant factor for pasture production. The water available to forages takes 
into account the rainfall, the rate of evaporation, and the amount of water 
which the soil is capable of storing within the root zone. Since the root zone 
differs for different plants, this means that, in addition to physical factors 
associated with water balance, water utilization is also species dependent. Aus-
tralian investigators (Fitzpatrick and Nix, 1970) have developed a model for 
expressing a moisture index which takes into account long-term weekly rainfall 
and observed or estimated evaporation. The decline of the ratio of actual to 
potential évapotranspiration as the available water in the root zone is reduced 
was estimated by a continuous function. A moisture index was derived from the 
ratio of actual évapotranspiration to potential évapotranspiration. The model has 
given satisfactory relationships with production of forages under Australian 
conditions. 

The pattern of rainfall, especially the length of the dry season, is an over-
riding factor in production of forages in the tropics. The ability of many species 
to withstand moisture stress determines to a large extent their adaptation to a 
particular region. Areas in which moisture supply is adequate throughout the 
year are limited, but length and severity of dry periods are extremely variable. 
Wide spectrums of moisture regimes in the regions of natural distribution of 
many species have resulted in development of large numbers of ecotypes of both 
grasses and legumes. 

It has already been mentioned that C 4 grasses use water much more effi-
ciently than C 3 plants (see Table I). Various cultivars and species of grasses give 
different responses to the amount of water available and nitrogen levels as 
indicated by Burton et al (1957). Three cultivars of Cynodon dactylon and one 
each of Paspalum notatum and Digitaria decumbens were studied at three 
nitrogen levels under field conditions. In the first year, the rainfall during the 
growing season was 1007 mm and during the second year 347 mm. Results are 
given in Table III. All these factors had large effects upon water efficiency. 
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TABLE III 
Effect of Different Grasses, Rainfall, and Nitrogen Levels on Water Use Efficiency

0 

kg water/kg dry matter 

Ν levels (kg/ha) Ν levels (kg/ha) 
1953 (1007 mm rain) 1954 (347 mm rain) 

56 112 224 56 112 224 

Cynodon dactylon, Common 6812 2896 1546 9738 5028 4336 
Cynodon dactylon, Coastal 2478 1431 803 1547 982 641 
Cynodon dactylon, Suwannee 1923 1104 692 1107 725 452 
Paspalum notatum, Pensacola 2200 1321 870 3103 1945 1239 
Digit aria decumbens, Pangola 2249 1585 2240 2843 2513 3016 

a
Bmton et ai (1957). 

"Suwannee" had the greatest water use efficiency and "Common" the lowest 
efficiency of the grasses. With the exception of "Pangola," increased nitrogen 
levels increased water use efficiency. "Coastal" and "Suwannee" showed greater 
efficiency during the dry year than during the wet year, while the reverse was 
true for the other three grasses. 

IV. THE SOIL ENVIRONMENT 

A. Classification of Soils 

This discussion of the soil environment is focused on soil as a medium for 
production of forage plants and how it can be modified to provide for more 
efficient food production for man. Based on the most recent taxonomic nomen-
clature, the following orders of world soils account for the major land surface 
dedicated to forage and pasture production in the tropics: Oxisols, Ultisols, 
Alfisols, Inceptisols, and Entisols. These are arranged in the descending order of 
age or degree of weathering. Inceptisols, being of more recent origin, are 
extremely variable, depending upon the origin of the parent materials, and may 
or may not be useful for crop production. Oxisols represent the most extreme 
weathering of parent materials and Ultisols are for the most part highly weath-
ered. McLean (1971) suggests that there is no clear line of demarcation with 
respect to chemical and physical properties of soil orders, but that they repre-
sent a continuum from most recent deposits, with little or no weathering to 
extreme weathering of the Oxisols (Table IV). Since soil acidity and the nutrient 
supplying power of soils are of primary concern in forage production, the 



TABLE IV 
Acid Soil Continuum: Soil Attributes Pertinent to Liming Effects0 

Attribute Mollisols Alfisols Ultisols Oxisols 

1. Permanent charge acidity H+ (some OH-Al2 +) OH-Al2+ A l 3+ A l 3 +(Fe 3 +) 
2. Type of clays Illite, Mont. Chloritized Mont, and Illite Kaolinite hydrous oxides Hydrous oxides kaolinite 
3. Chrystallinity Chrystalline Chrystalline Chrystalline Amorphous and 

of clays and amorphous Crystalline 
4. Ionic exchange cap. High cation High cation Low cation High anion 

(OH-A1 blocked) Low anion Low cation 
5. Base (Ca and Mg) Relatively high Medium to low Low Very low 

saturated 
6. Phosphate-fixing tendency Low Medium High Very high 
7. Potassium-release tendency High Medium Low Low 
8. Structure Excellent Good to fair Fair to poor Good to excellent 

(Ca aggregates) (Ca + AI aggreg.) (Fe + AI aggreg.) (Fe + AI aggreg.) 

flMcLean(1971). 
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characteristics discussed by McLean are pertinent. As the degree of weathering 
increases, the predominant source of soil acidity shifts from the Η-ion concentra-
tion to A l

3 +
. Cation exchange capacity shifts from a high level in a temperate 

zone Mollisol to a very low cation exchange capacity with a high anion exchange 
capacity in an Oxisol. Base saturation (Ca and Mg) shifts from high to very low, 
Κ release from high to low, and Ρ fixation from low to high, as degree of 
weathering increases. 

B. Water Relations 

Physical relationships of interest are the structural stability of soil aggregates 
(Table IV), rainfall acceptance of the soil as measured by infiltration rate, 
permeability and rate of percolation, and soil retention of moisture. Mollisols 
and Oxisols seem to have an advantage because of their more stable aggregates, 
formed as a result of binding by organic matter and hydrous oxides, respectively, 
although there is considerable variation within the orders. Most heavily weath-
ered Oxisols from both the savannas and forested areas have high infiltration and 
percolation rates. A grass cover has a modifying effect upon these physical 
characteristics by intercepting raindrops, formation of a mulch on the soil 
surface, and increasing organic matter content of the soil. 

C. Response to Plant Nutrients 

The adaptation and production of tropical forages in many cases will depend 
on the nutrient supplying power of the soil and the input of artificial fertilizers 
into soil-plant-animal systems. If a mixture of tropical legumes and grasses is 
the objective for a pasture ecosystem, nutrient requirements of legumes must 
first be met for them to survive. It does not necessarily follow that all tropical 
legumes have a higher nutrient requirement than grasses growing in the same 
environment. Some species of Desmodium, Stylosanthes, and Arachis are un-
usually effective in extracting nutrients which are at very low levels of avail-
ability in the soil. Oxisols and Ultisols are the natural habitats of many species of 
these genera. One should not conclude that these legumes will not respond to 
applications of nutrients which are very deficient. Levels of critical nutrients 
may be the key to the persistence of legumes in an association. A useful 
mathematical function for expressing the response to a nutrient or combination 
of nutrients is the following: 

Y = A- B e
c x 

where Y = yield; A = sensitivity of the plant to a nutrient or level in nutrient 
pool; C= curvature of the response; and X = nutrient added. 
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Appropriate coefficients are species dependent and this is probably also true 
for strains within species, so that the values of A, B, and C will have to be 
determined experimentally for each species and combination of species. 

The efficiency with which nutrients are utilized in any agricultural system 
depends on the amounts and frequency of recycling of those nutrients. Mott 
(1974) has discussed some key ideas in recycling of nutrients in soil-plant-
animal systems. A simplified concept of the recycling in such a system is 
illustrated in Fig. 4. The three main compartments are the soil, plant, and 
animal. The soil is in an equilibrium state with residues which are mainly organic 
in nature and serve as the principal reservoir of nutrients for plant growth. The 
sizes of unavailable nutrient pools vary considerably for different nutrients and 
soils with different chemical and physical properties. In Oxisols and Ultisols, 
with their low content of total cations—Ca, Mg, and K—and their extremely low 
level of P, only very small amounts of these elements enter the recycling stream 
and become available for plant growth. These are nutrients which are harvested 
in shifting agriculture in one or two crops out of every 15 to 25 years. Many 
years of solar energy are required to generate these nutrients during a forest 
fallow, which is quickly destroyed by a good burn. In a soil-plant-animal 
system, the animal is a very important component, continually converting solar 
energy captured by photosynthesis in forage plants into useful products and 

D. Recycling of Nutrients 

PLANT 

Residues 

SOIL 

τ—Γ 

/ / 

Animal 
Product 

Fig. 4 Nutrient recycling in grazed grasslands. 
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recycling inorganic nutrients back into the system for production of more 
forage. Up to 90% of mineral nutrients and Ν are returned in excreta of grazing 
animals, making the grazing animal an effective vehicle for retention and fre-
quent reutilization of nutrients in the system. 

Many factors influence the efficiency of the recycling mechanism, but only a 
few will be considered. The more intensively the system is managed the more 
rapid will be the turnover of nutrients. As biomass yield is increased there will also 
be an increase in the amount of organic matter in the soil which will increase 
amounts of nutrients in the residue pool and in the recycling system. Since 
nutrient levels in many tropical soils are inherently very low, some input of 
artificial fertilizers may be needed to set the mechanism in motion and maintain 
a high level of nutrient flow. If a suitable environment for biological Ν fixation 
can be created, this can become the source of Ν in the systems. Intensive 
systems with high stocking rates, now common on the humid grasslands of 
Africa, can be achieved in other areas with the technology now available. 

Little attention has been given to the role of insect fauna in accelerating rates 
of transport or retention of nutrients in the recycling stream. lindquist (1933) 
studied the activity of several different species of coprophagous beetles in native 
and cultivated pastures of Kansas (Table V). He found that beetles were not only 
effective in disposing of cow dung at a very rapid rate, but they also excavated 
large amounts of soil. Recently, Australian scientists have observed that dung 
tends to accumulate in their pastures where beetles associated with cattle do not 
occur. This is in contrast to South African pastures where dung beetles are 
abundant in excreta of domesticated cattle. Several thousand species of dung 
beetles are known, and steps are being taken to introduce species into Australia 
which are adapted to that environment. Where dung beetles are present, dung 
dropped in the pasture by grazing animals may disappear within 24 hours, thus 
accelerating rates of recycling and retaining most of the nutrients in the nutrient 
pool. 

TABLE V 
Quantities of Dung Buried and Soil Excavated by Coprophagous 

Beetles
0 

Quantity /burrow (g) 

Species Dung buried Soil excavated 

Pino tus carolinus 
Copris tulius 
Phanaeus sp. 

48.5 
7.3 
9.6 

287.1 
37.8 
93.4 

a
Lindquist (1933). 



174 G. O. Mott and H. L. Popenoe 

E. Nitrogen 

For grasses in a pasture sward, N is frequently the most important nutrient 
limiting factor. Only rarely does a lack of response occur to an application of Ν 
fertilizer in a cultivated pasture. A review by Vicente-Chandler (1974) indicates 
some of the potential production of humid tropical grasslands. Studies have been 
made on Panicum maximum, Digitaria decumbens, Brachiana mutica, Cynodon 
nlemfuensis, Pennisetum purpureum, and many other species in Puerto Rico, 
Brazil, Venezuela, Colombia, and Nigeria. Responses to Ν fertilizer have been 
almost linear up to 400-600 kg of N/ha/year. At higher levels, the rate of 
response diminishes until no further increase occurs. Within this range of 
application, increases in dry matter production are from 30 to 50 kg for each 
kilogram of Ν applied. Under grazing conditions, an increase of 1.2-2.0 kg of 
live weight of beef was obtained for each kilogram of Ν applied. Gross annual 
yields of dry matter have exceeded 50,000 kg/ha under favorable humid tropical 
conditions at high levels of fertilizer inputs. These responses occurred under 
conditions of minimum moisture stress and where other nutrients in the system 
were near optimum. These rates of increase were obtained on an Ultisol with 
from 30 to 50% slopes, with an initial pH of 4.8-5.2 and 4 - 8 mEq of 
exchangeable bases/100 g of soil. Annual rainfall ranged from 1500 to 2000 mm, 
and mean monthly temperatures from 21° to 27°C. These data are cited to 
indicate levels of production which are possible on highly weathered soils. It is 
not suggested that these ecosystems are economically feasible or desirable, but 
the results under experimental conditions reveal some of the biological poten-
tials and limitations associated with the soil. 

Possible sources of Ν to the soil-plant system include biological Ν fixation by 
both legumes and grasses. Fixation of atmospheric Ν by legume-Rhizobium 
symbiosis is well known and does not need elaboration. Reports of annual Ν 
fixation rates in excess of 200 kg of elemental N/ha have been recorded for 
tropical legumes. This is of the same order of magnitude as for temperate 
legumes and should be an incentive to exploit tropical legumes for forage, for 
cover crops, and as green manure crops in rotational and multiple cropping 
systems. In intensive grazing management systems, at least a portion of the Ν 
generated by the legumes is recycled, and the general level of Ν in the nutrient 
pool is raised. 

It has been known for some time that certain organisms associated with 
members of the grass family fix N. In Brazil Dobereiner and Day (1974) 
described such associations in Paspalum notatum, Pennisetum purpureum, 
maize, and sugarcane. 

Since 1972, new evidence shows that Ν fixation in a much broader spectrum 
of grasses may be occurring in the tropics, and this discovery could have 
far-reaching implications in the future development of forage-livestock feeding 
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systems (Dobereiner and Day, 1974). Nitrogenase activity has been demon-
strated in a number of grasses including Digitaria decumbens. The organism has 
been identified as Spirillum lipoferum and is concentrated in cortex cells. There 
is a suggestion that it is associated with C 4 grasses which have malate as one of 
its primary products of photosynthesis. S. lipoferum is known to utilize malate 
as an energy source, and it seems reasonable to assume that malate may be 
available as a substrate. In any symbiotic relationship there is a partnership 
between the host plant and the microorganism. In this case, the Spirillum 
appears to be genotype specific, and the matching of the proper strain .of 
Spirillum with the grass genotype is of utmost importance. 

F. Phosphorus 

In highly weathered soils of the tropics, total and available Ρ levels are very 
low. Fixation of Ρ is extremely high due to formation of Fe and Al phosphates. 
Small amounts of Ρ released in ash from burning the forest in shifting cultivation 
or in the savanna are either quickly utilized by crops planted by farmers or by 
regrowth of savanna vegetation. Very little Ρ in available form is in the soil for 
an extended period of time. The adaptation of savanna grasses to these very low 
levels of Ρ is related to their ability to extract Ρ and to their physiological 
tolerance. Many African introductions will not tolerate these low levels of Ρ and 
require phosphate fertilizers to be productive. 

Applications of lime to raise pH to a level of between 5 and 6 may neutralize 
exchangeable Al sufficiently to reduce fixation of Ρ and increase rates of 
decomposition of organic matter, but great care must be taken to avoid overlim-
ing which may have an adverse effect on availability of other nutrients. The 
possibility also exists that, as more Ρ is released, the decrease in Ρ levels will be 
more rapid. In this respect, liming of highly weathered soils may have a 
long-term deleterious effect on the savanna and on shifting agriculture. Applica-
tion of 100-250 kg/ha of molybdenized superphosphate in seedings of several 
tropical legumes in Australia is standard practice followed by a maintenance 
application every one to three years. 

This amount is not sufficient to attain maximum yields initially, but as 
production increases and with constant recycling of an increment of the Ρ 
previously applied in a grazed pasture, levels of Ρ can be increased over a period 
of time. Similar phenomena also occur with other nutrients which are not easily 
leached. 

G. Sulfur 

Sulfur deficiency is of very frequent occurrence in highly weathered soils of 
the humid tropics. This deficiency is frequently not evident since other nu-
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trients, especially N and P, are at such a low level that symptoms of S deficiency 
do not appear. Raising Ν levels in cultivated pastures by Ν fertilizer application 
may result in increasing organic matter sufficiently to create an imbalance in the 
N:S ratio so that S becomes unavailable and symptoms become strikingly 
evident. With the disappearance of fertilizers containing sulfur, such as ammo-
nium sulfate and simple superphosphate, the S problem with both tropical crops 
and cultivated pastures promises to become more acute. Sulfur is a critical 
element for both tropical grasses and legumes. 

H. Potassium 

There are at least five different forms of Κ in the soil-plant system: Κ in the 
organic residues, exchangeable K, fixed Κ, Κ in the crystalline matrix, and Κ in 
the soil solution. In soil-plant-animal systems, the major pool of Κ available to 
plants and in the recycling stream may be found in the organic residues. Residue 
Κ is in equilibrium with exchangeable and soil solution K, and the key to a 
sufficiency of Κ in the system depends on applying Κ if it is not already present 
in the soil. Potassium responses on well-established productive pastures are 
seldom observed because of effective recycling of Κ in the system. 

I. Critical Plant Percentage 
of Phosphorus, Potassium, and Sulfur 

Andrew and his co-workers (1969a,b, 1974) in Australia have established 
critical percentages of Ρ, K, and S for several of the more common tropical 
legumes. The critical percentage is defined as the "percentage of the element in 
the plant tissue corresponding with optimum growth, above which no further 
yield response may be expected and below which additional growth could be 
expected if the element concerned was supplied." The critical percentages were 
obtained under standardized growth conditions, sampling procedures, and with 
all other nutrients except the one being tested supplied at adequate levels. The 
results are presented in Table VI. Stylosanthes humilis and Centrosema pubes-
cens reached optimum levels of production at lower levels of Ρ, K, and S than 
most other legumes. The requirements of alfalfa (Medicago sativa) are obviously 
higher than for most tropical legumes except for P. Five of the seven legumes 
appear to have as high a requirement for Ρ as Medicago sativa. This seems to 
indicate that Ρ may be a key element in the satisfactory production of tropical 
legumes especially on highly weathered soils which are very low in available P. 
Levels as high as those provided for Medicago sativa may be needed for some 
tropical legumes. 
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TABLE VI 
Critical Percentage Levels of Phosphorus, Potassium, and 

Sulfur in the Tops of Eight Legume Species
0 

Critical percentage of dry matter 

?b K
c 

S
d 

Macroptilium lathyroides 0.20 0.75 0.15 
Macroptilium atropurpureum 0.24 0.75 0.17 
Desmodium intortwn 0.22 0.72 0.17 
Desmodium uncinatwn 0.23 0.80 0.17 
Stylosanthes hwnilis 0.17 0.60 0.13 
Glycine wightii 0.23 0.80 0.18 
Centrosema pubescens 0.16 0.75 0.15 
Medicago sativa 0.24 1.20 0.21 

a
Preflowering stage (Andrew and Robins, 1969a,b; Andrew, 1973— 

1974). 
* Andrew and Robins (1969a). 
c
Andrew and Robins (1969b). 

^Andrew (1973-1974). 

J. Calcium 

In temperate zones of the world, lime is applied as a soil additive to adjust pH 
to 6.5 or above for crop production. Research during the past 25 years by soil 
chemists suggests that lime should, on some soils, be considered as a source of 
nutrient Ca rather than as a soil additive. Table IV indicates that the source of 
soil acidity in a Mollisol is the H

+
 ion concentration, while in the Ultisols and 

Oxisols, A l
3 +

 is the primary source. It is now known that the poor growth of 
many crop plants on the highly weathered soils of the humid tropics is due to 
toxic levels of exchangeable Al and in some cases Mn. A comparison of tropical 
and temperate legumes and their response to increasing ratios of Al to Ca + Mg is 
given in Fig. 5. Very little quantitative data are available for forage legumes and 
grasses as to their Al tolerance and it is very difficult to separate the effects of 
pH, nutrient Ca, toxic levels of Mn, and availability of micronutrients from Al 
toxicity in a soil-plant system. There are some indications that the yield of some 
tropical legumes is reduced to about 70% of maximum at high levels of 
exchangeable Al, whereas temperate legumes may not survive under similar 
conditions. It is not clear, however, whether the effect is due solely to toxic Al 
or whether a combination of factors is operating. Some examples of cation-Al 
relationships in Brazilian soils are given in Table VII. The pH of all soils is low 
and Al saturation of the exchange capacity ranges from 2 to 90%. Ratios of 
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Ratio : Exchangeable AI/Ca + Mg 

Fig. 5 Exchangeable Al/Ca + Mg ratios and fractional yield of tropical and 
temperate legumes. 

Al/Ca + Mg found in some of these soils will depress the yield of some of the 
most Al-tolerant legumes. Under these conditions, a small amount of calcium 
carbonate applied to the soil may have a marked effect on yields. 

Spain (1973) studied the effect of lime application rates on yield and 
composition of tropical legumes on an Oxisol in the llanos of Colombia. The soil 
had a pH of 4.5,3.5 mEq/100 g of A l

3 +
, 0.5 of Ca

2 +
, and 0.3 of Mg

2 +
. His results 

indicate that only 150 kg/ha of lime were required to give nearly maximum 
yields and that up to 4 metric tons gave no further increase. Percent Ca in plant 
tops increased markedly for the first 150 kg/ha and continued with a small 
incremental increase up to 4 tons of added lime. Percent Mn decreased dras-
tically for the first 150 kg/ha and continued to decrease as the rate of lime 
increased up to 4 tons. The results for Stylosanthes guyanensis (Fig. 6) suggest 
that tropical legumes respond to nutrient Ca but probably are quite tolerant of 
Al and Mn. Further research is needed to more clearly define the effect of Ca on 
the other nutrients in the system and their interaction with various tropical 
legume and grass species. 

In solution culture, Andrew and Hegarty (1969) studied the effect of Mn 
concentration on yield of several legumes and established their tolerance levels 
to this potentially toxic element (Table VIII). The seven legumes are listed in 
order of their tolerance of Mn in the solution. At the highest concentration of 
Mn studied—40 ppm—the percent of maximum yield ranged from 70% for C. 
pubescens to 9% for M. atropurpureum, indicating a far greater tolerance of C. 
pubescens than M. atropurpureum. Toxicity threshold was defined as the con-
centration of Mn in plant tops which corresponded to a 5% reduction in yield. C. 
pubescens had the highest concentration, followed by S. humilis, D. uncinatum, 
and M. sativa, with the lowest concentration at the toxicity threshold. 



TABLE VII 
pH, Exchangeable Cations, Percent Aluminum Saturation, and Exchangeable 

Al/Exchangeable Cation Ratios of Some Highly Weathered Tropical Soils 

Exchangeable Exchangeable Aluminum Al/Ca + Mg 
Soil pH Ca + Mg (mEq/100 g) Al (mEq/100 g) saturation (%) ratios Source 

Red—yellow latosol 4.3 0.3 1.7 83 5.7 Pratt and Alvahydo, 1966 
Red-yellow latosol 5.5 4.2 0.1 2 0.02 Pratt and Alvahydo, 1966 
Red-yellow latosol 4.5 1.3 0.8 36 0.6 Pratt and Alvahydo, 1966 
Red-yellow podzolic 3.7 0.3 3.8 90 13 Pratt and Alvahydo, 1966 
Hydromorphic latérite 4.2 0.1 2.24 49 22 Organizaçâo dos Estados 

Americanos, 1974 
Hydromorphic latérite 5.0 0.14 4.14 77 30 Organizaçâo dos Estados 

Americanos, 1974 
Yellow latosol 4.7 0.24 1.83 24 8 Organizaçâo dos Estados 

Americanos, 1974 
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(g/pot) (%)(ppm) 

n L U ι ι L _I 1 

0 150 1000 2 0 0 0 4 0 0 0 
Ca C 0 3 equivalent (kg/ha) 

Fig. 6 Effect of lime on dry matter (D.M.) production and Ca and Mn 
concentration of Stylosanthes guyanensis. 

K. Micronutrients 

With the low level of macronutrients in highly weathered soils of the tropics, 
micronutrient deficiencies have been obscured or do not exist. As the fertilizer 
input has been increased for more intensive crop production, deficiencies of one 
or more of the micronutrients have appeared. Another factor which has in-
creased the likelihood of micronutrient deficiencies is the use of higher analysis 
fertilizers with low micronutrient impurity. Under natural savanna conditions, 
micronutrient deficiencies are seldom observed, but, as more legumes and grasses 

TABLE VIII 
Manganese Toxicity Associated with Yield of Legumes

0 

Yield % Yield Toxicity 
b

b
 at 40 p p m

c
 threshold

6
* 

Species Rank (g) (5 ppm = 100) (ppm) 

Centrosema pubescens 1 -0 .0023 70 1600 
Stylosan thes h umilis 2 -0.0038 50 1140 
Macroptilium lathyroides 3 -0.0066 29 840 
Desmodium uncinatum 4 -0.0080 24 1160 
Medicago sativa 5 -0.0102 18 380 
Glycine wightii 6 -0.0128 11 560 
Macroptilium atropurpureum 7 -0.0159 9 810 

a
Adapted from Andrew and Hegarty (1969). 

ö
Unit decrease in yield (log) per unit increase of Mn in solution culture. 

Percentage yield when 40 ppm Mn supplied in solution culture. 
^Toxicity threshold level = concentration of Mn in dry matter of the tops, which 

corresponds to a 5% reduction in yield. 
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which have a higher nutrient requirement are introduced, micronutrient deficien-
cies begin to appear. 

There are many difficulties in assessing the micronutrient situation in tropical 
pastures because of extreme variations in local soil situations and the variation 
among species and cultivars in their ability to extract nutrients from the soil. 
The situation becomes clear in the case of Mn (Table VIII), where the concentra-
tion of Mn in the dry matter of seven legumes, which results in a 5% reduction in 
yield, varies from 380 to 1600 ppm (Andrew and Hegarty, 1969). Documentation 
of micronutrient deficiencies in tropical forages is rare, but deficiencies of zinc, 
copper, boron, molybdenum, iron, and manganese are certain to receive greater 
attention as pasture-livestock feeding systems become more intensive. It is also 
well known that legumes have greater sensitivity to micronutrient deficiencies 
than grasses. As scientists and farmers attempt to include legumes in pastoral 
systems, micronutrients seem certain to enter as limiting factors for production. 

V. FIRE AS AN ENVIRONMENTAL FACTOR 

Burning of grasslands and use of fire as a management tool have both been 
the subject of much discussion for many years. Differences of opinion stem from 
personal experiences of scientists working with various grassland types in dif-
ferent parts of the world under a wide variety of circumstances. There seems to 
be little justification for burning a grassland which remains acceptable to the 
grazing animal during most of the year, as is the case of many improved pastures 
in the humid tropics. Solar energy stored in the pasture sward, which can be 
utilized to produce a useful animal product, justifies the utilization of that 
forage if productivity of the grassland is maintained. Some ecologists have 
difficulty in accepting man and his domesticated animals as components of 
grassland ecosystems, and any change which occurs as a result of man's intrusion 
is considered to be a degradation of the ecosystem. Fire is also one of those 
components of the environment which is considered in a negative sense, since 
many ecologists regard a natural grassland savanna as a disclimax. It does not 
matter that all evidence points to the existence of fire as an environmental factor 
without the presence of man. These scientists prefer to include fire as a com-
ponent of grasslands ecosystems over which man may or may not exercise a 
degree of control. 

Fire in wet-dry tropics has resulted in the evolution of grasses and other 
plants which have a high degree of resistance to burning. Very little if any 
burning occurs in the wet-humid tropical environment subjected to a dry season 
of less than two months. In areas where a longer dry season is characteristic of 
the environment, burning the natural grassland savannas every one to three years 
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is a common practice. The necessity and advantages of burning have been 
reviewed by Tothill (1971). He quotes West (1965) who gave six main reasons 
for using fire regularly as a management practice in a pastoral system. 

1. To remove top hamper in order to increase the availability of new season's growth 
and to remove patchiness in unevenly grazed pastures. 

2. To stimulate growth at a time when it might otherwise not occur. 
3. To control regrowth of trees and shrubs and to clean up fallen timber. 
4. To attract animals to areas that might otherwise be left ungrazed. 
5. To remove the hazard of wild fires and to establish fire breaks. 
6. To control diseases and pests such as ticks. 

If the objective is to maintain the species already present in the native 
grassland, then burning near the end of the dry season will probably accomplish 
this objective. The indigenous plants have evolved over the ages from a similar 
burning regime. Burning at periods other than at the end of the dry season may 
adversely effect some of the native grasses. Considerable shifts in botanical 
composition have been reported in Africa and Australia from off season burning. 
Since less than 50% of the biomass is utilized on most native tropical grasslands, 
there is usually plenty of fuel for fire. 

Burning removes unpalatable accumulation from the previous wet season's 
growth and contributes to more uniform utilization of forages by grazing 
animals. It also keeps in check invasion of trees and shrubs which frequently 
reduce production of desirable forage species. There are numerous examples of 
the invasion of trees and shrubs into grasslands which were originally grasslands. 
Much of western Texas was covered with short grasses prior to settlement by 
European immigrants. When the incidence of fire was reduced from that set by 
the American Indians, Prosopis juliflora moved in from stream banks and 
completely invaded the grasslands. Similar invasions have been observed on the 
margins of the gallery forests and tall grass prairies of the central United States 
and the forest-savanna margins in Africa. 

Burning of the savanna is charged with reducing the organic matter content of 
the soil but this has been extremely difficult to document. However, two very 
deficient nutrient elements are almost completely volatilized in the burning 
process—nitrogen and sulfur. Since sulfur is present at such extremely low levels 
in the atmosphere over the tropics, loss of this element in the burning process 
may be a serious loss. A large proportion of mineral nutrients are in plant tops 
and litter; nonvolatile ones are released in the ash and become more readily 
available to growing plants early in the next rainy season. It is evident that fire 
provides a means of accelerating the recycling of nutrients in soil-plant-animal 
systems. Extreme care must be exercised, however, to prevent burning of the 
savanna after new growth has started in order to prevent injury to the desirable 
species. A period of rest during the previous wet season to allow for accumula-
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tion of fuel and buildup of food reserves, and another period of rest after the 
burn to prevent the depletion of reserves by overgrazing, are sound pre- and 
postilre management practices. Further effects of fire on ecosystems are dis-
cussed by Kozlowski and Ahlgren (1974). 

VI. CONCLUSIONS 

Grasses and legumes occupying the highly weathered Oxisols and Ultisols of 
the South American grasslands are adapted to very low fertility levels, high levels 
of exchangeable aluminum and, in some cases, manganese, periods of moisture 
stress, and frequently to abuse from overgrazing. Not enough attention has been 
given to these indigenous plants to determine the potential of selected species as 
feed for domestic animals. Scarcity and high cost of fertilizers and other physical 
inputs used in pasture-livestock systems dictate that improvement in production 
must come from the systems which make maximum use of the natural grasslands 
and the species which are best adapted to the environment. A better understand-
ing of the physiology of these forage species, their responses to various com-
ponents of the environment, and to changes which can be imposed by man will 
provide a basis for development of production systems which are economical 
and which will preserve the ecosystem. However, they have been almost com-
pletely neglected. Most of the exotic tropical forages introduced from other 
parts of the world require high levels of inputs for their maintenance. Under 
certain circumstances, their strategic use in forage livestock systems may be 
justified to provide higher quality feed than that provided by the natural 
grasslands, but benefits obtained must be balanced with the additional costs. A 
combination of a relatively large area of natural pastures for the breeding herds 
and a small area of high producing, high-quality pasture for the young stock and 
for flushing the females during the breeding season appears to be a viable system 
of management. 

The shift from forest to grassland, as is occurring at a very rapid pace in the 
Amazon region, presents another problem. Native forages are almost entirely 
absent, and the only species available for planting are the exotics. Since almost 
the entire nutrient supply of the tropical forest ecosystem is retained in the 
above-ground biomass, the relatively small quantity of nutrients released by 
burning is quickly leached and may be lost beyond the root zone of the forage 
species. This is especially true if a few years of intertilled crops are grown before 
pasture establishment. Unless legumes which are adapted to the climatic environ-
ment and particularly to the soil environment are included in pasture mixtures, 
the chances of a productive pasture for any long period are remote. Even the 
indigenous legumes, which are well adapted to the highly weathered soils, will 
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require additional nutrients to persist in association with the exotic grasses. 
The nutrient demand varies greatly between species, strains, and cultivars of 

tropical grasses and legumes. Research efforts should be focused on development 
of forages which are highly efficient in their extraction of soil nutrients and 
accelerate their turnover rate in the system. Most evaluation of forages by the 
introduction specialist and plant breeder is conducted under higher fertility 
levels than those to which the released cultivar will be exposed. Under such a 
testing regime, superior germ plasm may be discarded because it fails to respond 
to high levels of fertilizer. 

Central and South America provide the natural habitat of almost all the 
known genera and species of promising tropical forage legumes. The conserva-
tion of this treasure of germ plasm is urgent, since large areas of natural grassland 
and forest fringe areas, where these legumes occur, are being destroyed by 
settlement schemes. If an extensive program of plant collection is not initiated 
soon, a large proportion of the gene pool will be lost. This will narrow the 
genetic base available in the future for improvement and development of 
cultivars adapted to a wide spectrum of environments. Before it is too late, germ 
plasm banks for these promising species should be established in several coun-
tries of Latin America. 

Additional research is needed to determine the net primary production of 
tropical grasslands and their effectiveness in controlling erosion. The role of the 
grazing animal as a component in the system for recycling nutrients needs 
further investigation. It is of interest in this connection that the most productive 
natural grasslands occur in regions where there is a long history of large 
populations of ungulate animals, which suggests that the animal may have been 
an important agent in reducing loss of nutrients and may have contributed to the 
retention of small increments of Ν added to the system by biological and 
nonbiological Ν fixation. The possibility of accelerating this rate of soil improve-
ment through the use of legumes and selected grasses, biological Ν fixation, and 
fertilizer Ν deserves intensive study. 

The use of animal products to alleviate the food deficiency situation in 
certain countries has been criticized on the basis of the inefficiency of the 
grazing animal in converting above-ground plant biomass to an acceptable food 
product. The critics do not seem to understand that the biomass which is 
converted to animal product has no alternative use for food except through 
fermentation by the ruminant animal. Meat is often considered to be a food 
product for only the affluent, developed countries, but it is well known that 
millions of people subsist on foods generated by their herds and flocks. Perhaps 
the grassland scientist can make a contribution to mankind by developing 
techniques for increasing the productivity of grasslands and their conversion to 
animal-based foods. 
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This chapter discusses comparative aspects of the ecophysiology of tropical 

root crops and of the edible aroids in relation to the environments in which they 

are normally cultivated. Solanum potato will be used as a reference for compari-

son with tropical root crops because of its long history of genetic, agronomic, 
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and physiological investigations, and also because considerable effort has re-
cently been given to the reintroduction of Solanum cultivation to tropical 
latitudes. 

The term ecophysiology is interpreted in this chapter to mean the per-
formance of crop plants in relation to environmental conditions. Plant perfor-
mance is defined as the growth, development, productivity, and yield charac-
teristics of crop species as well as the functional attributes, e.g., physiological 
and metabolic processes, which determine performance characteristics. Three 
aspects of the comparative ecophysiology of root crops are considered here: (a) 
macroecophysiology, i.e., crop performance in relation to ecological zones with 
characteristic macroclimates; (b) microecophysiology, i.e., crop performance in 
relation to the immediate environment, including the microclimate created by 
the crop community; (c) species dependent ecophysiology, i.e., the design and 
performance of ideal crop ideotypes (Donald, 1968) to maximize crop per-
formance in selected macroclimates. Other factors known to affect crop perfor-
mance, e.g., cultural practices, i.e., soil type, fertilizer use, water management, 
etc., and control of pests, diseases, and weeds will be referred to only in so far as 
they relate to the subject matter of ecophysiology, as defined here. 

II. COMPARATIVE MACROECOPHYSIOLOGY 

This section summarizes the climatological characteristics of ecological zones 
in which tropical root crops occur as well as the origin and distribution of 
individual crops within the zones described. Some ecobotanical characteristics of 
root crops in relation to their current and potential distribution are also discussed. 
Yield, production, and producitivty of the crops are compared and related to 
selected aspects of the macroclimate in which cultivation occurs. 

A. Macroclimatology of Root Crop Ecozones 

The climates of the world may be broadly classified into tropical, subtropical, 
intermediate or temperate, and polar types; generally these climate types coin-
cide with well-defined ecozones. In addition, mountain areas may also be 
considered as separate ecozones since the climatological and ecological charac-
teristics of such areas are often distinctive. Separation of mountain ecozones is 
especially significant in considerations of root crop ecophysiology because the 
most widely cultivated root crop, Solanum potato, originated in an Andean 
mountain climate. Also, after several decades of selection and breeding for 
cultivation in intermediate climates, Solanum potato is now being reintroduced 
to" its mountain climate of origin in several tropical countries, e.g., Kenya, 
Venezuela, Jamaica, and Ceylon. 
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Like most other crop species, e.g., cereals and legumes, the major proportion 
of root crop cultivation occurs in tropical, subtropical, and intermediate cli-
mates, but there is considerable potato production in mountain regions, and the 
crop is also cultivated in the short summer season of polar climates in Norway 
and Finland. Here, the characteristics of tropical and subtropical climates are 
discussed and only brief references are made to intermediate climates for 
purposes of comparison. 

The major climatologiçal factors which might limit agricultural production 
are temperature, precipitation, and daylength, while windspeed merits considera-
tion as an important limiting factor in certain circumstances. Of these, tempera-
ture is the only absolute limiting factor and the classification of climates on the 
basis of temperature is therefore most important. Accordingly, tropical climates 
are defined as those with an average annual temperature greater than 25°C 
(77°F) and an average for each month exceeding 18°C (65°F). In tropical 
climates, therefore, temperature conditions suitable for crop growth occur 
throughout the year. Subtropical climates are those with short, mild winters in 
which there is a period of 1-2 months when freezing temperatures may occur, 
but the average temperature of the coldest month is above 6°C (43°F). Summer 
temperatures are, however, frequently as high as those in tropical climates. 
Intermediate climates, i.e., those between polar and subtropical, have cold 
winters and warm to hot summers. 

On the basis of prevailing precipitation, tropical and subtropical climates may 
be further subdivided into humid and dry types as shown in the classification of 
these climates (Table I) adopted by Van Royen and Bengston (1964). Thus, of 
the humid tropical climates, tropical rain forests have no pronounced or pro-* 
longed dry season and there is little seasonal variation either in temperature or in 
precipitation (200^400 cm/year). In contrast, the tropical monsoon climate 
exhibits marked daily and seasonal temperature changes and there is abundant 
precipitation (100-200 cm/year) during a wet season, which alternates with a 
dry season of 4 -6 months or longer. In the tropical savannas, precipitation (100 
cm/year) is well spread pver 4 - 6 months, with a prolonged dry season often 
lasting 6-7 months. The dry tropical climates are subdivided into semiarid or 
arid types according to whether annual precipitation is greater or less than 20 
cm, respectively. Of the subtropical climates, humid types have precipitation (75 
cm/year) which is evenly spread throughout the year with no pronounced dry 
season and temperatures are below 18°C for 4 -6 months. Alternatively, in the 
dry subtropical or Mediterranean climates, precipitation (50-75 cm/year) occurs 
mainly during the 6-8 months of the cool season in which temperatures are 
below 18°C. However, in some regions there is moderate summer precipitation. 
Frost may occur in both subtropical climates during the coldest period. 

The mountain climates have temperatures which are inversely related to 
altitude, and generally high, but seasonal precipitation. Thus, in tropical and 
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TABLE I 
Average Annual Temperatures and Precipitation Values 

of Tropical and Subtropical Climatic Types
0 

Annual averages 

Climates Temperature (°C) Precipitation (cm) 

Tropical climates 
Humid 

Rain forest 25-27 200-400 
Monsoon 18-27 100-200 
Savanna 18-27 80-120 

Dry 
Semiarid 18-27 20-50 
Arid 18-27 <20 

Subtropical climates 
Humid 6-27 75-100 
Dry 6-27 50 - 75 

α
 After Van Royen and Bengston (1964). 

subtropical latitudes, mountain climates at high altitudes are often intermediate 
in character except for prevailing short days and high light intensities. 

Using the climatic diagrams proposed by Walter and Lieth (1960) some 
typical tropical, subtropical, and mountain climates of South America are 
described (Fig. 1). Four tropical and subtropical climate types are characterized 
by these authors: 

Type I Equatorial humid 
Type II Tropical summer rains 
Type III Subtropical hot and arid 
Type IV Mediterranean winter rains 

The intermediate and polar types include : 

Type V Warm temperate humid 
Type VI Humid with cold season 
Type VII Arid with cold season 
Type VIII Boreal 
Type IX Arctic 

The tenth climatic type includes mountain areas in the other regions. The 
climatic diagrams clearly distinguish arid, humid, and very wet periods of the 
year by means of temperature and precipitation curves in which 10°C cor-
responds to 20 mm precipitation (Gaussen, 1955). When this fixed proportion 
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Fig. 1 Climatic diagrams of selected regions of South America. Drought 
periods (dotted); humid periods (vertical hatching); precipitation exceeding 
100 mm (black). The year is from July to June. Roman numbers before loca-
tions refer to climatic types. 

between the curves is used, an arid period prevails whenever the precipitation 
curve falls below the temperature curve. Conversely, humid and very wet periods 
occur when the precipitation curve is above the temperature curve. Climatic 
types similar to those in Fig. 1 can be recognized in all of the major land masses 
of the world. It is proposed, therefore, to consider the macroecophysiology of 
root crops in relation to climatic types found in current and potential root crop 
producing areas of the world. 

Daylength is an important climatic factor in the ecophysiology of root crops 
because it may influence tuber initiation and thereby limit tuber yield. Critical 
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daylengths are of importance only in Solanum potato cultivation, which extends 
from equatorial daylengths of 12 hours to polar daylengths of 24 hours. 
However, although tuber initiation is earlier and early tuber growth more rapid 
under short-day conditions, the effect is quantitative rather than qualitative and 
Solanum tuberosum cultivars exist which would give economic yields under all 
daylength conditions. In the tropical root crops, there is some evidence that 
similar quantitative interrelationships between tuber initiation and daylength 
may exist, but these are not economically important because of the restriction 
of tropical root crop cultivation to short daylength tropical ecozones. Sweet 
potato cultivation in Japan and the southern area of the United States are 
exceptions to this generalization, but possible daylength effects on tuber initia-
tion are apparently overcome by the use of suitable cultivars. 

There are two major effects of windspeed on crop growth: (1) effects of 
windspeeds of very high velocity, e.g., monsoons and hurricanes on the complete 
destruction of the crop; (2) effects of slower windspeeds in increasing évapo-
transpiration to the point where growth and yield of the crop are adversely 
affected. 

The first effect is not dealt with in this chapter and little information exists 
on effects of windspeed on yield in tropical root crops, although the use of 
windbreaks in root crop cultivation on exposed sites, e.g., on hilly slopes in 
Jamaica, is well established. 

B. Origin and Distribution 

In this section, the origin of tropical root crops is first described and their 
distribution outlined by consideration of areas under root crop cultivation in 
major producing countries and continents. 

The origin of tropical root crops shown in Table II indicates that five of the 
six genera under consideration originated in a relatively small region of tropical 
America, in northern South America and Central America; in the sixth genus, 
Dioscorea, the species trifida is also American in origin. Thus, sweet potato, 
cassava, the aroid, Xanthosoma or tannia, Solanum potato, and Dioscorea trifida 
originated either in tropical or North Andean America, and taro, Colocasia 
esculenta, in Southeast Asia. The yams differ from the other cultivated species in 
their apparent genetic diversity and origin in widely separated centers, e.g., in 
tropical America (D trifida), West Africa (D. rotundata, D. cayenensis, D. 
bulbifera, D. dumetorum), and South Asia (D. alata, D. esculenta, D. opposita). 

The distribution of tropical root crops is illustrated (Table III) by data 
showing areas cultivated in the various continents and in the major producing 
countries of each continent. The total area under tropical root crops and potato 
amounts to 49.3 million hectares (M ha) of which the tropical root crops account 
for 26.8 M ha or 54%. Cassava cultivation on 9.8 M ha represents 45% of the 
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TABLE II 
Origin of Tropical Root Crops

0 

193 

Root crop species Suggested origin 

American species 
Ipomoea batatas 
Manihot esculenta 

Tropical America, Mexico, North Brazil 
Tropical America, South Mexico/Guatemala, 

Xanthosoma sagittifolium 
Solanum tuberosum 
Dioscorea trifida 

African species 
Dioscorea rotunda ta 
Dioscorea cayenensis 
Dioscorea dumetorum 
Dioscorea bulbifera 

Asian species 
Dioscorea alata 
Dioscorea esculenta 
Dioscorea opposita (syn. batatas) 
Colocasia esculenta 

Northeast Brazil, 
Tropical America, North Brazil 
Andean South America, Colombia/Peru 
Tropical America, Guyana/Surinam, North Brazil 

Tropical West Africa 
Tropical West Africa 
Tropical West Africa 
Tropical West Africa 

South Asia 
South Asia 
South Asia 
Southeast Asia 

J
From Purseglove (1968, 1972). 

area under tropical root crops and sweet potato and yams 55%. It is estimated 
that approximately equal acreages (8.5 M ha) are under sweet potato and yam 
cultivation. The edible aroids (Colocasia and Xanthosoma) excluded from Table 
III are also estimated to occupy 1.5 M ha or 6% (approximately) of the area 
cultivated to cassava, sweet potato, and yams. 

The percentage distribution of root crops according to continent (Table IV) 
shows that Old World areas, i.e., Africa (16.9%), USSR (15.9%), Europe 
(14.2%), and Asia (10.3%), together account for 57.3% of the total root crop 
cultivation area, whereas the area under root crop cultivation in the New World 
continents, i.e., Latin America (8.3%) and North America (1.5%), amount to 
only 9.8% of the total root crop area. The area under root crop cultivation is 
particularly low in North America where cereal cultivation is preferred. The data 
indicate, therefore, that distribution of root crops is also determined by factors 
other than ecological suitability, since regions with macroclimates suitable for 
root crop cultivation exist on all the continental land masses in Table IV. 
Analysis of root crop cultivation according to country further illustrates country 
preferences for certain tropical root crops, over and above the ecological restric-
tion of root crop cultivation in countries with intermediate climates. Thus, 
Brazil, Tanzania, Zaire, Indonesia, and Thailand may be considered cassava 
producing countries; in South Korea and Taiwan, sweet potato is preferred, 
while Colocasia is cultivated in many Pacific Islands. In Nigeria and Japan, root 
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TABLE III 
Distribution of Root Crop Species (Area Cultivated)

0 

Area (1000 ha) 

Yam and 
Continent/country Cassava sweet potato Potato Total 

Latin America 2,563 454 1,126 4,143 
Brazil 2,025 181 220 2,426 
Peru 315 315 
Argentina 179 179 

Africa 4,942 3,271 299 8,512 
Nigeria 1,100 1,800 2,900 
Tanzania 285 285 
Zaire 800 800 
Kenya 55 55 

Asia 2,249 1,587 1,304 5,140 
India 353 230 514 1,097 
Indonesia 1,434 356 1,790 
Japan 129 148 277 
South Korea 127 127 
Taiwan 288 288 
Thailand 130 130 

Oceania 18 18 

Europe 7,099 7,099 
West Germany 554 554 
Holland 154 154 
United Kingdom 256 256 
Yugoslavia 330 330 

North America 55 691 746 
U.S. 55 563 618 
Canada 128 128 

USSR 7,960 7,960 

World 9,783 17,001 22,466 49,250 

a
From F AO Production Yearbook, 1971. 
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TABLE IV 
Distribution of Root Crops according to Continent 

Percentages of total area cultivated to root crops
0 

Crop Latin America North America Africa Asia Europe USSR 

Cassava 5.1 9.8 4.5 
Sweet potato 0.9 0.1 6.5 3.2 

and yams 
Potato 2.2 1.4 0.6 2.6 14.2 15.9 

8.2 1.5 16.9 10.3 14.2 15.9 

^Calculated on a total acreage of 50,750 M ha, i.e., including root crops (Table III), 
49,250 M ha and edible aroids, 1500 M ha. 

crop cultivation is distributed between cassava, sweet potato, and yams, and 
sweet potato and Solanum potato, respectively (Table III). This later distribu-
tion of root crops best illustrates the ecological suitability of current tropical 
root crop species. Accordingly, cassava, sweet potato, and yams can be culti-
vated in humid tropical climates, but sweet potato cultivation extends into the 
subtropics. Also, although Solanum potato can be cultivated in most ecological 
zones, considerations of productivity (limited by disease) restrict cultivation to 
intermediate, subtropical, and mountain climates. The distribution of root crops 
in different climatic zones shown in Table V illustrates the relative climatic 
suitabilities of the crops to different macroclimat es, including indications of the 
use for supplementary water supply in the form of irrigation. 

Table VI shows that the latitudinal and altitudinal distribution of potato is 
greater than that in the tropical root crops, and that sweet potato is the most 

TABLE V 
Distribution of Root Crops on a Climatic Basis 

Climate Cassava Sweet potato Yam Taro Tannia Potato 

Tropical rain forest * * (*) * * 
Tropical monsoon * * * (*)I * (*) 
Tropical savanna * * * (*)I *I (*) 
Dry tropical, i.e., (*)I 

steppe or desert 
Humid subtropical * (*) (*) * 
Subtropical (Mediterranean) * * 
Humid intermediate * 
Dry intermediate 

a
After Kay (1973). ( ), limited cultivation, I, irrigation required. 



TABLE VI 
Latitudinal Distribution and Macroclimate Requirements of Root Crops0 

Macroclimate requirements 

Annual precipitation (cm) Temp (°C) 
Distribution Length of Daylength 

Crop (latitude/altitude) wet season Optimal Minimal Optimal Minimal (hours) 

Cassava 30°N-30°S (1000 m) Long or short 100-150 50-75 25-29 710 10-12 
Sweet potato 40°N-32°S (2100 m) Medium to short 75-100 50 24 710 11.5-13.5 
Yams (except/), opposita) 20°N-20°S (1000 m) Medium to long 100-150 60 30 720 10-11 
Taro 30°N-30°S (2100 m) Long 200-250 175 21-27 710 
Tannia 30°N-30°S (1500 m) Long 140-200 100 24 710 
Potato 70°N^0°S Long 75 50 15-13 510 12-17 

(2.5 cm/week) 

aAdapted from Kay (1973). 
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widely distributed of the tropical crops. However, the Asian yam Dioscorea 
opposita has the potential for a distribution similar to Solanum tuberosum. This 
root crop distribution is due mainly to the following species characteristics: (a) 
shorter growth periods of potato and sweet potato compared with other root 
crops; (b) capacity for tuberization under daylengths longer (i.e., up to 13.5 
hours in sweet potato and 24 hours in potato) than the remaining root crops; (c) 
capacity of potato for tolerating lower temperatures than the tropical root 
crops. Within these limits of temperature and daylength, each of the crops has 
different water requirements for growth and tuberization. These range from 
paddy field conditions in the Colocasia aroids, through the small, but evenly 
distributed water requirements of Solanum potato, to the minimal requirements 
of cassava, after germination and establishment of the crop. It is also interesting 
to note that the ecodistribution of root crops described is achieved in different 
ways in the various crop species. Thus, in potato, different varieties suitable for 
cultivation under different daylength and temperature conditions exist. In sweet 
potato, there is a range of varieties with growth periods ranging from 3 to 8 
months, suitable for cultivation under different water and temperature regimes. 
However, in cassava, similar varieties have been used for cultivation both under 
dry and wet conditions, since types suitable for specific ecosystems have not 
been rigorously selected. In yams, distribution is achieved through the existence 
of different species adaptable to different ecosystems and hence the considerable 
genetic potential for development of varieties within these species is yet to be 
exploited. The same situation exists in the edible aroids in which tolerance of 
low water supply might be considerably improved by breeding. 

C. Ecobotanical Characteristics 

The adaptability of a root crop species to cultivation in different macro-
climatological zones depends either on (a) the availability of different varieties 
suitable for cultivation under various environmental conditions or (b) the exis-
tence of individual varieties capable of successful cultivation in different ecosys-
tems. Therefore, species adaptability depends either on the existence of a range 
of botanical or physiological characteristics in different varieties within the 
species or on the existence of plant characteristics in single varieties of the 
species capable of adaptive expression in different ecosystems. Thus, different 
Solanum potato varieties are adapted for growth under a wide range of day-
length conditions, while single cassava varieties can grow successfully under both 
wet and dry conditions. Some of these characteristics are compared in Table VII. 
These are discussed with particular reference to the ability of the plant to survive 
unfavorable climatic conditions, e.g., temperature, excessive or limited supply of 
water, and wind which may prevail for varying periods in the course of the 



TABLE VII 
Some Botanical Characteristics of Tropical Root Crops0 

^Numbers in parenthesis indicate growth periods of early maturing types. 

Common name Cassava Sweet potato Yams Taro Tannia Potato 

Habit Perennial Perennial Annual Perennial Perennial Annual, 
woody shrubs prostrate to vining herb cormous herb cormous herb erect to 

semierect herb semiprostrate 
herb 

Stem Height 0 . 9 ^ m thick 0.9-4.2 m, 2-3 m (Asian), Cormous Cormous 0.3-0.6 
and thickness slender-thick 9-15 m (African), 

slender 
Stem branching Little to Little to Moderately Little 

much branched much branched branched branching 
Leaf size Large, simple, Medium, Small-medium, Very large, Very large, simple, Small-medium 

and shape palmate, simple, simple, ovate, simple, sagittate to compound, 
5-lobed entire or lobed entire or lobed heart-shaped hastate odd-minnate 

Tubers Root Root Stem Stem (corm) Stem (corm) Stem 
Number 1-15 1-10 2-20 (Asian), 1 corm 1 corm + 5-10 

1-5 (African) (+ cormels) cormels 
Shape Fusiform Globular-fusiform Lobed (Asian), Globular Globular-fusiform Globular-oval 

cylindrical 
Daylength response Short-day Indifferent (African) Syort day Unreported Short day-long day 

Growth period 9-24 (7) 3-8 (3) Short day 6 -18(3) 9 -12(6) 3-5 (3) 
(months) 6-12(5) 
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growth cycle of the crop. Such survival may be of major importance in species 
adaptability. 

/. Growth Period 

Growth periods varying in length from 3 months in Solanum potato to up to 
24 months in cassava have been recorded in the root crops under consideration 
(Table VII). Thus, ability of Solanum potato and, to a lesser extent, sweet 
potato to be cultivated in climates with short growing seasons and long un-
favorable seasons, due either to low temperatures or low precipitation, depends 
to a large extent on short growth cycles (3-5 months) in these crops. Cultivation 
of most of the other root crop species outside the tropics is limited by their 
longer growing period (9-12 months) as well as by the inability of the crops to 
withstand unfavorably low temperatures or dry conditions. A major exception in 
this respect is Dioscorea opposita, which can tolerate cold conditions including 
frost and is widely cultivated in Korea, China, and Japan. The species was also 
grown experimentally in Europe during the potato famine in the nineteenth 
century. Dioscorea rotundata with growth periods as short as 6 months is also 
cultivated in northern savanna regions of West Africa. However, the existence of 
early types in all root crop species suggests that selection and breeding programs 
may lead to considerable reduction of growth periods and consequent increase in 
the climatic adaptation in tropical root crops. 

2. Habit 

Root crop habits range from the relatively tall (up to 4 m) woody shrubs of 
cassava to the short (30-50 cm) semierect herbs of Solanum potato. The former 
cassava habit is associated with perennial growth in which the secondarily 
thickened stem from which the majority of leaves are shed is capable of 
withstanding unfavorable dry periods, while the latter habit is characteristic of 
quick growing annuals, which complete development in a short growing season. 
Cassava also grows well under wet conditions. The sweet potato is a perennial 
herb in which the foliage never senesces completely in the humid tropics, but 
senescence does occur in climates with dry or cold periods. Tubers are, however, 
capable of perennation and subsequent germination under favorable conditions. 
In the humid tropics, stem cuttings are used as planting material. The prostrate 
habit of sweet potato is also particularly resistant to damage by high winds, e.g., 
hurricanes and typhoons, and has been thought to be one of the reasons for the 
success of the crop in Japan (Fujise, 1970). Yams are annual herbs with 
relatively long growth periods and are, therefore, exposed to dry conditions of 
varying intensity, depending on the tropical climates in which they are culti-
vated. They apparently originated in forest regions and their long twining stems 
are apparently adaptations to growth under conditions of high relative humidity 
and low light intensity. However, all of the known commercial species seem to 
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grow successfully under the higher light intensity and lower relative humidity 
conditions of tropical cultivation, provided that staking is practiced, but cultivars 
of both Dioscorea alata and Dioscorea rotundata can also be grown without 
staking in drier climates, e.g., in Barbados. 

The Colocasia aroids grow most successfully under wet conditions and are 
normally cultivated in paddy fields on imperfectly drained soils, but cultivation 
also occurs under drier upland conditions (de la Pena and Plucknett, 1967). By 
contrast, Xanthosoma aroids, particularly the early maturing cultivars, are more 
tolerant of dry conditions. Attention is drawn to the four types of edible aroids 
in cultivation in the Caribbean: 

Colocasia aroids 
Dasheen C. esculenta var esculenta— one large main corm; 

The Barbados nut eddoe is probably best adapted for growth under dry condi-
tions, while of the Colocasia aroids, the eddoe is said to be more drought 
tolerant than the dasheen (Kay, 1973). Colocasia aroids have also been satisfac-
torily used in Japan and Egypt as the first crop in reclamation of saline sandy 
soils. 

Although in cassava, sweet potato, and yam species, varieties with leaf shapes 
ranging from entire through lobed to finely divided exist, there is no evidence 
that such leaf shapes are related to the climatic adaptation of these species. The 
occurrence of physiological adaptations to dry conditions, e.g., few stomata 
sensitive to high évapotranspiration and with short periods of opening during the 
day, low cuticular transpiration, and deep root systems, has not been investigated 
in root crops. However, it should be noted that while the yam and aroids have 
rather shallow root systems unsuitable for withstanding dry conditions, there is 
some evidence that in cassava and sweet potato roots concerned with water and 
ion uptake are deep seated, but tuberous roots are shallow (Fujise and Tsuno, 
1967). Such root distribution would seem to be a desirable drought-tolerant 
characteristic in root crops. None of the root crops under consideration includ-
ing Solanum potato is resistant to prolonged exposure to frost. However, the 
optimal temperature for growth is much lower in potato (15°-18°C) than for 
the tropical root crops (25°-29°C). These temperature responses also reflect the 
adaptations to altitude found in the root crops under consideration. Thus, the 
maximum altitudes recorded for successful root crop cultivation are as follows: 

Eddoe C esculenta var globulifera-
few small cormels 
small main corm; 
many well-developed cormels 

Xanthosoma aroids 
Tannia X. sagittifolium— 
Barbados X. sagittifolium— 
nut eddoe 

elongated cormels 
globular cormels 
similar to eddoe 
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cassava and yams, up to 1000 m; sweet potato and the aroids, 1500-2400 m; 
Solanum potato, higher than 2100 m. 

3. Tuberization 

A major botanical characteristic restricting the adaptation of root crops to 
different macroclimatic zones is the daylength requirement for tuberization. 
Thus, in cassava, tuberization is promoted under short-day conditions and 
reduced at day lengths greater than 10-12 hours. The crop is, therefore, most 
successfully cultivated between latitudes 15°N and 15°S (Kay, 1973). A similar 
short-daylength requirement for tuberization has been reported for yams 
(Njoku, 1963), although Dioscorea opposita which is cultivated as far north as 
Korea (30°N) produces tubers under longer daylengths. A positive influence of 
short days on tuberization in the edible aroids (Colocasia antiquorum) has also 
been reported by Tsukamoto and Inaba (1961). Solanum potato originated 
under short-daylength Andean conditions and, in general, indigenous South 
American cultivars will only produce reasonable yields with a daylength of 
12-13 hours (Kay, 1973). However, there are numerous temperate cultivars 
which will tuberize under longer daylengths and indeed, tuberization also occurs 
under the 24-hour daylengths of polar summers. The response of tuberization to 
soil water conditions is also an important characteristic of the process. Thus, in 
the aroids, tuberization is indifferent or encouraged by high soil water contents, 
whereas in sweet potato, cassava, and yams, waterlogged conditions restrict 
tuber initiation and development. Also, temperature conditions necessary for 
tuberization in Solanum potato (i.e., night temperatures of 10°-14°C) inhibit 
the process in the tropical root crops, but reduced nighttime temperature (20°C) 
promotes tuberization in sweet potato (Kim, 1961). Thus, the high nighttime 
temperatures prevalent in the humid tropics are not conducive to the highest 
productivity in tropical root crops. However, short daylengths and temperatures 
suitable for year-round cultivation in such climates allow for the possibility of 
obtaining more than one crop in a calendar year, e.g., sweet potatoes. 

4. Reproductive Biology 

The reproductive biology of tropical root crops is a significant feature of their 
ecophysiology because of the vast potential for improving both productivity and 
distribution by breeding, as has been done with the Solanum potato. There have, 
however, been suggestions that the capacity for flowering is inversely related to 
the capacity for tuberization, e.g., in yams and cassava. Although these sugges-
tions have not been experimentally substantiated, inhibition of tuberization is 
known to lead to improved flowering in Solanum potato. 

The root crops are largely short-day flowering plants, but there are serious 
problems in flower production for hybridization in all the species except 
Solanum potato, in which temperate varieties are long-day flowering plants. 
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Thus, in sweet potato, plants must be staked to improve flowering; problems of 
self- and cross-incompatibility (Williams and Cope, 1967), as well as seed 
viability, are encountered in hybridization programs. Yam species normally 
produce dioecious flowers, but hermaphrodite flowers do occur. There are also 
staminate and pistillate plants in many species, e.g., Dioscorea trifida and 
Dioscorea rotundata. However, flowering is never profuse and comparatively few 
hybridizations have been achieved. Thus, Dioscorea trifida and Dioscorea bulbi-
fera are the only species that flower regularly in the Caribbean and even in these 
species flowering is restricted to certain cultivars. Recently, flowering, open 
pollination, and production of viable seed have been observed in D. rotundata in 
Nigeria (Sadik and Okerere, 1975). Similarly, although there are cassava varieties 
that flower adequately, flowering is restricted in many types which are desirable 
parents for breeding programs. Flowering is rare in the edible aroids (McDavid 
and Alanu, 1976). Therefore, there is a great need for improving flower produc-
tion in the root crops by better understanding of the reproductive biology of 
these species. 

D. Productivity 

Data on the comparative production of tropical root crops shown in Table 
VIII indicate a total world production of 443 million tons (M tons), to which 
may be added edible aroid production estimated at 10 M tons by Coursey and 
Haynes (1970). Coursey (1967) also estimated that yam production accounted 
for 41% or 18.2 M tons and sweet potato for 59% or 26.2 M tons of the joint 
total (44.4 M tons) for sweet potato and yam production. Nigerian yam 
production (12 M tons) accounts for more than half of the world's production. 
The genetic diversity of cultivated yam species is used to advantage in ensuring a 
fairly evenly distributed monthly production of this crop in Jamaica (Fig. 2), 
where cultivation occurs on steep hillsides (Rankine and Ferguson, 1974). 
Solanum potato production amounts to approximately 67% of the world's 
production of root crops; more than 80% of this production occurs between 
latitudes 40°N and 60°N in Europe, the USSR, and North America; European 
potato production is almost half of the world's potato production, and one-third 
of the world's root crop production. Production of tropical root crops occurs 
mainly between latitudes 30°N and 30°S and including edible aroid production, 
amounts to 150 M tons (approximately) or one-third of the world's root crop 
production. Cassava accounts for about two-thirds of the tropical root crop 
production and the South and Central American and African continents each 
produce 35% (approximately) of this amount. Brazilian cassava production 
accounts for some 86% of the South and Central American production, while 
Nigeria and Zaire together account for some 57% of African cassava production. 
Sweet potato and yam production is approximately half that of cassava produc-
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TABLE VIII 
Production of Tropical Root Crops and Potato in 

Selected Countries
0 

Production (million metric tons) 

Cou ntry /co ntinen t Cassava 
Sweet Potato 

and yams Potato Totals 

Latin America 34.82 4.12 9.13 48.07 
Brazil 29.46 2.13 1.59 33.18 
Peru 0.50 0.18 1.93 2.61 
Argentina 0.29 0.44 1.96 2.69 

Africa 37.02 23.41 2.74 63.17 
Nigeria 7.30 13.50 20.80 
Tanzania 1.50 0.31 1.81 
Zaire 10.00 0.35 10.35 
Kenya 0.46 0.21 0.67 

Asia 20.12 15.99 13.63 49.74 
India 5.22 1.60 4.64 11.46 
Indonesia 10.45 3.03 13.48 
Japan 2.56 3.16 5.72 
South Korea 2.14 2.14 
Taiwan 3.44 3.44 
Thailand 1.90 0.25 2.15 

Europe 134.70 134.70 

North America 0.63 16.94 17.57 

USSR 92.30 92.30 

World 92.22 44.43 306.45 443.10 

û
From F AO Production Yearbook (1971). 

tion, 15% of Solanum potato production, and only 10% of the world's root crop 
production. Highest production (30% approximately) occurs in Africa, of which 
Nigerian production (13.5 M tons) accounts for 50%. Production (mainly sweet 
potatoes) is evenly distributed in South and Central American and Asian coun-
tries. De Witt (1967) compared the potential photosynthetic productivity of 
different latitudes and showed that the tropical zone between 30°N and 30°S 
had a productivity of 120 X 10

3
 kg carbohydrate/ha/year or 1680 X 10

2
 kg 

potato tubers/ha/year, which was twice that at latitude 50°N and 1.3 times that 
at latitude 40°N (Table IX). Despite this, root crop productivities in tropical 
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Fig. 2 Total monthly yam production by species for 1972-Jamaica. 
From Rankline and Ferguson (1974). Short ton = 2000 lbs. 

TABLE IX 
Comparative Potential Productivity of the Land Surface in Different 

Latitudinal Zones on the Earth's Surface
0 

Land surface 
Yield (ha/yr) 

% Agricultural 
°N Total Agricultural land Months Carbohydrate Tubers 

Latitude ( h a X l O
6
) land ( h a X l O

6
) above 10° C ( k g X l O

3
) ( k g X l O

2
) 

70 800 52 420 1 12 168 
60 1400 38 530 2 21 294 
50 1600 18 290 6 59 826 
40 1500 13 200 9 91 1274 

30 to - 3 0 7700 10 770 12 120 1680 
- 4 0 100 14 14 8 89 1246 
- 5 0 100 53 53 1 12 168 

α
 Adapted from de Witt (1967). 
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latitudes (Table X) for cassava (94 X î 0
2
 kg/ha) and sweet potato/yams (87 X 

10
2
 kg/ha) are only 69% and 64%, respectively, of Solanum potato productivity 

at 136 X 10
2
 kg/ha. The highest cassava productivities (above 120 X 10

2
 kg/ha) 

occur in Brazil, India, and Thailand; the highest sweet potato productivity 
(above 150 X 10

2
 kg/ha) is found in Japan, South Korea, and Taiwan. Solanum 

potato productivities in the Netherlands, Great Britain, and West Germany were, 
however, some 2- to 3-fold higher at 380, 280, and 274 X 10

2
 kg/ha, respec-

tively. Nevertheless, the highest potato productivity in the Netherlands is still 
only 46% of the potential photosynthetic productivity (Table XI) of latitude 

TABLE X 
Comparative Productivity of Tropical Root Crops and Potato 

in Selected Countries
0 

Country/continent 

Productivity (100 kg/ha) 

Country/continent Cassava 
Sweet potato 

and yams Potato Averages 

Latin America 135 91 81 102 
Brazil 146 118 72 112 
Peru 129 130 61 97 
Argentina 113 99 110 107 

Africa 75 72 82 76 
Nigeria 66 75 70 
Tanzania 53 78 65 
Zaire 125 66 95 
Kenya 84 38 61 

Asia 90 101 105 98 
India 148 70 90 102 
Indonesia 73 85 79 
Japan 199 213 206 
South Korea 168 168 
Taiwan 151 151 
Thailand 152 53 107 

Europe 190 190 

North America 115 226 170 

USSR 116 116 

World 94 87 136 105 

fl
From FAO Production Yearbook (1971). 
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TABLE XI 
Root Crop Productivities of Selected Countries as 

Percentages of Potential Latitudinal Productivities
0 

Productivity % Potential 
Root crop/country (kg/ha X 1 0

2
) latitudinal productivity 

Cassava 
Thailand 152 9 
Brazil 146 9 
Zaire 125 7 
Nigeria 66 4 

Sweet potato/yams 
Japan 199 16 
Taiwan 151 9 
India 70 4 
Brazil 118 7 
Peru 130 8 

Solanum potato 
The Netherlands 380 46 
North America 226 27 
USSR 116 14 
Brazil 72 4 
Peru 61 4 
India 90 5 
Kenya 38 2 

α
Α11 % potential latitudinal productivities are calculated from poten-

tial photosynthetic productivities for 30°N-30°S, except for Japan 
(40°N), the Netherlands, North America, and USSR (50°N). 

50°N and the highest cassava and sweet potato/yam productivities are 9% and 
16% of the potential photosynthetic productivity of latitudes 30°N-30°S and 
40°Ν, respectively. 

Although there are many reasons for the low productivity of root crops 
cultivated in tropical latitudes (Coursey and Haynes, 1970; Wilson, 1974), the 
following sections of this chapter deal with some microecophysiological con-
siderations of tropical root crop productivity. 

III. COMPARATIVE MICROECOPHYSIOLOGY 

In Section II, on the macroecophysiology of tropical root crops, it was shown 
that although the potential photosynthetic productivity of tropical ecosystems 
was up to twice that of intermediate ecosystems, actual Solanum potato produc-
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tivity in the latter ecosystem was greater than cassava, sweet potato, and yam 
productivities in the former. This section discusses physiological and metabolic 
processes of root crops in response to different aspects of the immediate crop 
environment in order to explain the low productivity of root crops in tropical 
ecosystems. 

The ultimate expression of interactions between the environment and the 
crop involves: (a) the size and form of individual plants in the crop community 
at any given stage in the crop growth cycle and (b) the pattern of growth and 
development of the crop community. The expressions are effected both through 
(1) quantitative processes, e.g., cell division and expansion, photosynthesis, 
protein synthesis, leading to increase of the total mass (dry weight) of the crop, 
and (2) qualitative processes, i.e., morphogenetic changes, e.g., tuber initiation, 
leaf senescence leading to changes in the quality of growth. In turn, these 
processes are affected by changes in the total environment of the crop which 
consists of the following components: (i) the immediate external aerial environ-
ment; (ii) the soil environment; and (iii) the internal crop environment, e.g., 
hormonal, nutritional, and assimilate balances, which are affected both by 
environmental factors, as well as plant factors, such as spacing, mutual shading 
of leaves, and sink capacity of tubers. Therefore, in order to compare the effects 
of different aspects of the environment on root crop growth and development, 
the following approach is adapted: (a) characteristic growth patterns of indi-
vidual root crops are compared in relation to selected aspects of the environ-
ment; (b) effects of different components of the total environment on growth 
and development of root crops are compared; (c) effects of the environment on 
quantitative and qualitative processes leading to tuber yield are examined. 

A. Growth Pattern—Environment Interactions 

Leaf area index (LAI) and tuber weight are chosen as parameters for ex-
pressing differences in the growth patterns of root crops because LAI is a 
measure of the effective leaf surface exposed to sunlight for photosynthesis 
while tuber weight measures the ultimate distribution of assimilate to the yield 
organ. Typical growth patterns for sweet potato, Xanthosoma aroids, sugar beet, 
D. alata, D. trifida, and D. esculenta yams, as well as Solanum potato, grown 
both under temperate and tropical conditions are compared in Figs. 3 and 4. 
Major differences between the growth cycles of different root crop species 
emerge on the basis of the following characteristics: (1) overall length of the 
crop growth period and (2) relative timing, duration, and magnitude of shoot 
and tuber growth. Differences in productivity between root crop species in 
response to environmental conditions are the result of these characteristics of 
crop growth patterns. 
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Fig. 3 Growth patterns of root crops: (a) adapted from Chapman 
(1965a); (b) Chapman (1965b); (c) Ferguson and Haynes (1969); (d) Walter 
(1966); and (e) Enyi(1973). 

/. Length of Crop Growth Period 

Lengths of root crop growth cycles may be classified as short (3-4 months), 
e.g., Solanum potato under tropical conditions, intermediate (4-6 months), e.g., 
sweet potato, Solanum potato in intermediate climates, or long (9-12 months), 
e.g., yams, edible aroids, and cassava, but there is considerable intervarietal 
variation in crop growth cycles within individual species. Consideration of 
lengths of crop growth cycles in relation to the length of the growing season also 
leads to the recognition of three types of crop cycles as follows: (i) cycles which 
occupy most of the growing season, e.g., late potatoes, aroids, and yams, and in 
which growth occurs in more than one climatic season, e.g., spring, summer, 
autumn, or wet and dry seasons; (ii) cycles which can occupy one climatic 
season, e.g., wet season or dry season, sweet potato, early potatoes; (iii) cycles 
which are curtailed by unfavorable weather, e.g., unirrigated yams in the savanna 
regions of northern West Africa. Crop cycles which occupy the entire growing 
season are twice as long in the humid tropics (9—12 months for yams, aroids, and 
cassava) as in intermediate climates (5 months for Solanum potato). The major 
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Fig. 4 Growth patterns of root crops: (a) adapted from Milthorpe (1967); 
(b) Radley (1963); and (c) Ferguson and Haynes (1968). 

environmental factors which affect such crop cycles are early onset of the 
unfavorable season toward the end of the cycle, e.g., cold weather and dry 
season in intermediate and tropical climates, respectively; factors which post-
pone onset of tuber bulking, e.g., waterlogged soils resulting from heavy precipi-
tation in tropical root crops (Lowe and Wilson, 1974), high temperatures in 
Solanum, or heavy nitrogen fertilization (Haynes etal, 1967). Reduction of the 
growth period in Solanum potato from 22 weeks in intermediate climate 
cultivation to 14 weeks in the tropics (Figs. 3 and 4) is an example of the effect 
of short daylengths in reducing growth cycles through its stimulatory effect on 
tuber initiation in this species. High light intensity, high temperature, and low 
water supply also shorten growth cycles through similar effects (Bodlaender, 
1963). Late planting is an obvious, but very common factor responsible for low 
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yields due to reduction in the length of crop growth cycles. Thus, Boyd and 
Dyke (1950) reported a 0.7 ton/acre/week reduction in yield for every week's 
delay in Solanum potato sowing in a nationwide survey of this crop in England. 
Reductions in tuber yield (up to 74%) in yam farms in Barbados were also to a 
great extent accounted for by late planting (Rankine and Ferguson, 1974). 

The early growth rate is a major determinant of the lengths of crop growth 
periods. Since all root crops are propagated vegetatively, a major environmental 
factor restricting early shoot growth is the availability of water at crop germina-
tion, e.g., in dry compared with wet season sweet potato crops (Walter, 1966; 
Lowe, 1971). However, the weight of planting material (tuber sett), particularly 
in potato and yams, is a most important cultural practice affecting early growth. 
Thus, both in yams (Ferguson, 1973) and Solanum potato (Bremner and El 
Saeed, 1963), increased tuber sett weight is known to increase early growth and 
yield of the crop. There is an optimal tuber sett weight for maximum yield but 
this weight is influenced by the spacing used. The early growth of yam whereby 
several cataphylls are produced before mature leaf types is characteristic of the 
species and is no doubt determined by either hormonal or nutritional balances in 
the tuber sett. Severing of the young plant from the mother tuber hastens the 
appearance of mature leaves. Similar effects of size of planting material (stem 
cuttings) on early growth have been established for cassava (Enyi, 1973) and 
sweet potato (Godfrey-Sam-Aggrey, 1974). Lowe and Wilson (1975b) also 
showed that the number of subterranean nodes in sweet potato stem cuttings 
influenced the number of tubers subsequently initiated. When tuber setts are 
used for sweet potato propagation, exposure of the mother tuber to light (Akita 
et al., 1962) leads to improved tuberization. Species differences in early growth 
are, however, quite considerable in the root crops. Thus, the attainment time of 
a crop LAI of one varies from 4 weeks in Solanum grown under tropical 
conditions to 17 weeks in Dioscorea trifida (Figs. 3 and 4). Such variations no 
doubt lead to differences in the efficiency of utilization of incident radiation for 
photosynthesis and low efficiency, e.g., in yams, which in turn leads to slower 
growth and longer crop cycles. 

Tuber initiation and early development also occur [even in root crop species 
with late bulking (Fig. 3)] during the period of early growth (to LAI = 1). 
However, factors which stimulate early shoot growth, e.g., high nitrogen, water 
supply, and long daylength, usually inhibit tuber initiation and early tuber 
growth. Therefore, environmental conditions which optimize these opposing 
effects are desirable during the early development of root crops. In species in 
which tuber growth does not occur during early crop growth despite the 
initiation of tubers, the alternative shoot sink (Wilson, 1967) competes success-
fully with the tuber sink to postpone the advent of tuber bulking. Dry condi-
tions approximately 40 days after planting in sweet potato (Hernandez and 
Hernandez, 1967), moderate supply of nitrogen fertilizers for all root crops 
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(Haynes et al, 1967), and moderate soil temperature (15°-20°C) in Solanum 
potato (Kay, 1973), as well as early planting during short-day spring conditions 
are all factors encouraging tuber initiation and early tuber growth during the 
period of early development of tuberous crops. However, consideration of 
environmental effects on tuberization, e.g., daylength in Solanum potato and 
soil oxygen tension in sweet potato, is discussed in Section III, B. 

2 Relative Timing, Duration, and Magnitude of Shoot and Tuber Growth 

Although the relative timing, duration, and magnitude of shoot and tuber 
growth as shown in the growth patterns described in Figs. 3 and 4 are character-
istic of individual root crop species, growth patterns can be influenced by factors 
which have opposing effects on shoot and tuber growth. Thus, in sweet potato, 
high levels of nitrogen supply increase the rate of shoot growth and advance the 
time to attainment of maximum LAI, but postpone the initiation of rapid tuber 
bulking (Haynes et al., 1967) (Fig. 5). Similar observations have been made with 
other root crops, e.g., Solanum potato (Watson, 1963). However, postponement 
of tuber bulking in sweet potato by high nitrogen supply also resulted in more 
rapid late bulking either because of increased capacity for tuber growth (Wilson, 
1969) or increased availability of photosynthate due to higher LAI (Haynes et 
ai, 1967). There is also considerable intervarietal variation in the timing, 
duration, and magnitude of shoot and tuber growth in sweet potato (Fig. 6). 

6 10 14 18 22 26 6 10 14 18 22 26 

Weeks 

Fig. 5 Total dry matter (TDM) and leaf area indexes (LAI) of two sweet 
potato cultivars (049, C9) at two levels of nitrogen supply. After Haynes et al. 
(1967). 
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Fig. 6 Distribution of dry matter in six sweet potato cultivars. From 
Lowe and Wilson (1974). 

Other environmental factors have similar differential effects on shoot and 
tuber development, e.g., short daylength, which stimulates tuberization but 
reduces shoot growth in Solanum potato. Accordingly, the growth pattern of 
Solanum potato can be changed from one with simultaneous rapid increase in 
LAI and tuber weight (Fig. 3) to a pattern in which rapid tuber growth follows 
attainment of maximum LAI (Fig. 4) by growth in different climates. Such 
changes illustrate that growth patterns of root crops can be manipulated through 
judicious use of the environment to maximize the genetic potential and variation 
(Fig. 6) of the species. 
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Maximum LAI varies quite considerably in root crops (Table XII) from 3.5 in 
Dioscorea triflda (Ferguson and Haynes, 1969) to approximately 4 in Solanum 
in intermediate climates (Radley, 1963), Ipomoea (Walter, 1966), Xanthosoma 
(Enyi, 1973), and Dioscorea alata (Chapman, 1965a) to 5.8 in Solanum culti-
vated tropically and 10.0 in Dioscorea esculenta (Ferguson and Haynes, 1969). 
Nitrogen supply is a major factor affecting LAI in root crop species, although 
daylength, light intensity, temperature, and water supply have important effects 
on LAI in Solanum potato. 

The rate and duration of tuber bulking ultimately determine tuber yield, and 
there is evidence of considerable interspecific variation in these parameters (Figs. 
3 and 4). Effects of environmental factors on these processes are dealt with in 
Section III, C on tuberization. However, it is here noted that a phase of con-
stant, linear, and rapid rate of increase in tuber weight is the critical period 
for tuber yield determination in all root crops. During this period, it must be 
deduced either that the rate of assimilate supply from the leaf system is constant 
or rate limiting, or that the physical sink capacity in tubers develops at a 
constant rate or at a rate which is limiting to tuber development. 

B. Effects of Components of Total Environment 
on Growth and Development 

The total environment is made up of a number of individual components; 
growth and development depend on the net interaction between the genetic 

TABLE XII 
Maximum Recorded Leaf Area Indexes of Root Crop Species

0 

Crop Maximum LAI 

Solanum
0
 (tropical) 5.8 

Solanum
0
 (temperate) 4.0 

Ipomoea
d 

4.0 
Xanthosoma

e 
4.0 

D. alata? 4.0 
D. esculenta*? 10.0 
D. trifidaß 3.5 

ö
From Wilson (1974). 

ö
From Chapman (1967). 

c
From Radley (1963). 

d
F r o m Walter (1966). 

e
From Enyi (1973). 

•farom Chapman (1965b). 
#From Ferguson and Haynes (1969). 
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potential of the individual crop species and these components. The individual 
effects of components of the total environment on growth and development are, 
however, examined separately in order to explore the different responses of 
species, varieties, and indeed, individual organs to the environment. The compo-
nents considered include (1) the aerial environment: light intensity, daylength, 
temperature, évapotranspiration; and (2) the soil environment: water, oxygen, 
soil physical conditions, and nutrient supply. Most available information on 
effects of environment on growth and development refers to Solanum potato, so 
that responses inferred for other root crops are often speculative rather than 
experimentally determined. In any case, the discussion of environmental effects 
on individual root crops is brief and comparative. 

/. The Aerial Environment 

a. Light Intensity. Bodlaender (1963) showed that increasing light intensi-
ties in the range of 3000-16,000 lux had the following effects on growth and 
development of Solanum potato: tuber initiation and early tuber growth were 
stimulated, maximum stem length was achieved earlier, and senescence and 
death advanced by higher light intensities. Total dry matter and distribution of 
dry matter to tubers were also increased at high light intensities, but final tuber 
weight was limited by earlier leaf senescence. Similar controlled experiments 
have not been conducted in tropical-root crops, but it has often been observed 
that irrigated dry season sweet potato crops are higher yielding than wet season 
crops in which cloud cover reduced light intensity (Walter, 1966; Lowe, 1971; 
Lowe and Wilson, 1975a). 

b. Daylength. Effects of daylength on growth and development are parti-
cularly important in Solanum potato cultivation. European potato varieties 
initiate tubers under any daylength conditions, but development is greatly 
accelerated and plants die earlier under short-day conditions. Thus, in the early 
stages of development, tuber weight is higher in short than in long days, but 
owing to larger tops and an extended cropping period long-day plants have 
higher final yields. Also, the efficiency of yield production is often greater (1.1 
tons/acre/week) under long days (Fig. 4) than under short days (0.8 tons/acre/ 
week) (Fig. 3). Tropical root crops are for the most part confined to short-day 
conditions of the tropics in which tuberization occurs readily. Evidence of the 
influence of short days in stimulating tuberization has been reported for cassava 
(Bolhuis, 1966), yams (Njoku, 1963), and Colocasia aroids (Tsukamoto and 
Inaba, 1961). 

c. Temperature. Like daylength, effects of temperature on growth and 
development are more relevant for Solanum potato, since in the tropics seasonal 
variations in temperature are rather small. Thus, Solanum potato tubers must be 
stored at temperatures above 0°C to maintain viability and subsequent germina-
tion will take place only at temperatures above 8°C. At temperatures above 
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45 C, tubers and potato plants are damaged. The optimal average temperature 
for growth and development of the potato crop, including tuber setting, is 
18°-24°C. This average may be achieved either by a narrow, 15°-25°C, or wide, 
0°-40°C, temperature range. Potato production also occurs in the tropical 
lowlands in the temperature range of 22°-30°C. In general, high temperatures 
are favorable for stem growth, but unfavorable for leaf expansion and tuber 
production. The optimum temperature for leaf growth has been reported to be 
12°-14°C, while that for maximum stem weight was 18°C (Bodlaender, 1963). 
Consequently, the ratio of the weight of leaves to stems decreases with increas-
ing temperature. Borah and Milthorpe (1959) reported a temperature optimum 
of 20°C for tuber formation and showed that the number of tubers per plant 
was higher at lower temperatures. These effects of temperature are, however, 
modified considerably by light intensity, daylength, and water supply, e.g., 
Bodlaender (1963) reported that in greenhouse experiments, tuber weights were 
higher at 12°-14°C under low light intensity winter conditions but optimum 
temperature for high tuber weight was 18°-20°C under high light intensity 
summer conditions. Such temperature optima may be further increased under 
the higher light intensity conditions of tropical potato cultivation. 

Diurnal temperature variation is also known to affect potato development. 
Thus, leaf growth and high tuber number are favored more by low night 
temperature than by low day temperature. Tuber yield is also decreased more by 
high night temperatures than by high daytime temperatures (Gregory, 1954; 
Bodlaender, 1958). 

Soil temperature also has important effects on growth and development of 
potato. Thus, Gregory (1954) observed that high soil temperature increased stem 
length and top weight, especially at low air temperature (17°C day and 11°C 
night) and decreased tuber weight especially at high air temperature (30°C 
day-23°C night). The influence of soil temperature on growth of tubers was, 
therefore, greatest when air temperature was unfavorable for tuber growth. 

Little work has been done on the effects of temperature on tropical root 
crops. However, Kim (1961) established that low nighttime temperatures in-
creased tuber weight in sweet potato. Spence and Humphries (1972) also showed 
that tuber development in sweet potato was more rapid at 25°C than at 30°C, 
and no tubers were formed at 10°C and 15°C. Therefore, higher yields obtained 
in sweet potato dry season crops might also be explained by the lower tempera-
tures prevalent in that season. 

d. Evapotranspiration. Penman (1962, 1963) established a linear relation-
ship between Solanum potato yield and an adjusted value of potential évapo-
transpiration [#τ04)] (Fig- 7). Yields increased from less than 5 to more than 
20 tons/acre as ΕΎ(Α) increased from 4 to 15 inches, and the maximum possible 
yield response to irrigation was calculated at 2 tons/acre/inch. Similar studies on 
tropical root crops have not been reported. 
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Fig. 7 Total tuber weight (Ρ) in relation to adjusted potential transpira-
tion [ ϋ χ ^ ) ] for potatoes at two nitrogen levels. From Penman (1963). 

2. The Soil Environment 

a. Water. Water supply is perhaps the most critical environmental factor 
affecting the growth and development of tropical root crops, since precipitation 
is subject to seasonal and diurnal fluctuations similar to the temperature fluctua-
tions experienced in intermediate climates. Water supply is particularly impor-
tant for the germination and establishment of all root crops because of the 
methods of vegetative propagation used in cultivation. For the further growth of 
the crops, water requirements are different. Thus, in the Colocasia aroids, higher 
yields are obtained under lowland paddy field conditions than in drier upland 
conditions (de la Pena and Plucknett, 1967). Xanthosoma aroids also have high 
water requirements (but not paddy field conditions) for highest yields. The yams 
require adequate supplies of water (115-300 cm) for growth and development, 
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and there is a high correlation between precipitation, vine growth, and tuber 
yield. For optimum yields, adequate moisture between the fourteenth and 
twentieth weeks of growth is of great importance (Kay, 1973). The requirement 
for water in sweet potato is in the range of 50-100 cm/year, but the crop can 
tolerate considerable periods of drought, although yields are much reduced if 
water shortage occurs 50-60 days after planting, i.e., at the onset of tuber 
bulking. Under conditions of high rainfall, waterlogged soils inhibit sweet potato 
tuber initiation and tuber growth, and pencil roots (Wilson, 1970) rather than 
tubers are formed. Except at planting, cassava can withstand prolonged periods 
of drought and is a valuable crop in regions of low or uncertain rainfall (30-50 
cm). Optimal water requirements are, however, in the region of 100-150 cm of 
well-distributed precipitation (Kay, 1973). Although the water requirement for 
potato is modest (50-75 cm) by comparison with tropical root crops, water 
supply needs to be evenly distributed (2.5 cm/week) because the crop is very 
intolerant of even short periods of drought, especially in the last 9 weeks of 
growth. Inadequate and/or irregular water supply lead not only to poor yields 
but also to malformed tubers (Kay, 1973). 

b. Oxygen. The deleterious effects of oversupply of water, e.g., in water-
logged soils on tuberization in tropical root crops are due to restriction of 
oxygen supply shown to be critical for tuberization in sweet potato (Togari, 
1950). Clearly, tuberization is not so restricted in Colocasia aroids grown under 
paddy field conditions. However, the oxygen requirement for tuber growth in 
this crop might be obtained from the aerial environment by transport in the 
aerenchyma tissue as in rice. Unlike Colocasia aroids, Xanthosoma aroids cannot 
withstand waterlogging. 

c. Soil Physical Conditions and Nutrient Supply. In crops in which the 
yield organ, the tuber, must grow against the resistance of its solid soil environ-
ment, soil physical conditions are important requirements for high tuber yield. 
However, very little work has been done on interrelationships between physical 
properties of soils and tuberization. Gumbs and Ferguson (1975) measured the 
positive pressures which develop in the course of yam tuber growth in specially 
designed root chambers, and found a pressure increase of 0-1.008 bars over a 
10-day period, at four months after planting. They also demonstrated that tuber 
growth as well as shoot growth were inhibited by increasing bulk density in the 
range of 1.1-1.6 g/ml applied separately to tubers and roots in separate compart-
ments. On a field scale, it was shown that increasing soil compaction caused 
by different cultural practices reduced tuber yield. Highest yields (24.4 tons/ha) 
were recorded at a penetration resistance of 380 psi and lowest yields (21.9 
tons/ha) at 465 psi. Generally, root crops give higher yields on light loams, but 
both tropical root crops and Solanum potato can be cultivated in heavy clays, 
with proper management. 

Nutrient supply is the environmental condition that perhaps can be most 
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precisely brought under control by cultural practice, e.g., fertilizer application. 
Although the fertilizer requirement of root crops is outside the scope of this 
chapter, some general responses of root crops to nutrient supply are worthy of 
note. Thus, the effect of high nitrogen supply in promoting shoot growth at the 
expense of rapid tuber growth (which is postponed) is of major importance for 
high productivity in the shortest possible crop period. Potassium supply, which is 
important for photosynthesis as well as for translocation (Fujise and Tsuno, 1967) 
and storage (Murata and Akazawa, 1968) of assimilate in sweet potato, is critical 
for high root crop yield. Recently, Ferguson and Haynes (1970) demonstrated 
N-depressive and K-responsive effects of yield in Dioscorea esculenta, and 
N-responsive and K-depressive effects on Dioscorea alata cultivar White Lisbon. 
Tsunoda (1965) also reported the occurrence of low leaf area N-responsive and 
high leaf area N-depressive sweet potato types, while Haynes and Wholey (1968) 
classified some 100 sweet potato varieties into N-responsive, N-indifferent, and 
N-depressive types, according to the effects of nitrogen fertilizer application on 
final tuber yield. De la Pena and Plucknett (1967) demonstrated differential 
responses to Ν, P, and Κ in lowland and upland cultivated taro. 

C. Effects of Environment on Quantitative and 
Qualitative Processes Leading to Tuber Yield 

Although many physiological and metabolic processes contribute to growth 
and development, the following qualitative (ontogenetic) and quantitative (dry 
matter production) processes are briefly reviewed as being important in the 
productivity of root crops: (1) qualitative processes—shoot ontogeny and tuber 
ontogeny; and (2) quantitative processes—photosynthesis and protein synthesis. 

7. Qualitative Processes 

a. Shoot Ontogeny. During shoot ontogeny of root crops, the following 
stages are recognized: (a) germination to produce a seedling; (b) period of 
juvenile growth, i.e., until leaves characteristic of the mature plant in size and 
shape are first produced; (c) period of growth of the mature plant to maximum 
leaf area; (d) leaf senescence. 

Although there are considerable differences between root crop species and 
varieties in shoot ontogeny, e.g., the cataphyll production in yams and juvenile 
leaves of high anthocyanin content in cassava, the effects of the environment on 
these factors have not yet been critically examined. 

b. Tuber Ontogeny. Several studies have been made of the external factors 
affecting tuberization. Here, the morphogenetic process of tuber initiation must 
be carefully distinguished from the tuber growth which occurs subsequent to 
tuber initiation. Thus, the only environmental factor categorically shown to have 
an absolute effect on tuber initiation is photoperiod in daylength-sensitive root 
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crops, e.g., short-day tuberizing Solanum potato varieties. The reports that sweet 
potato roots do not tuberize in the presence of light (Fujise and Tsuno, 1967) 
are yet to be confirmed at the cellular level (Togari, 1950; Wilson and Lowe, 
1973) where the change from longitudinal to the lateral growth characteristic of 
tuberization occurs. The cellular events leading to tuberization in root crops 
other than Solanum potato and sweet potato have not been as thoroughly 
studied. However, the anatomy of tuberization in cassava (Doku, 1970), yams 
(Martin and Ortiz, 1962), and Xanthosoma (E. Duncan and E. Thornhill, private 
communication, 1970) has been described. Effects of other environmental fac-
tors, e.g., light intensity, temperature, water supply, mineral nutrients, discussed 
earlier apparently operate through their influence on tuber growth rather than 
on tuber initiation. 

It is generally accepted that effects of the environment on tuber initiation 
and the cellular component of tuber growth, i.e., increase in cell number and cell 
size (Wilson, 1967, 1970; Wilson and Lowe, 1973) are mediated through hor-
monal responses. Studies on application of externally applied hormones and 
endogenous changes in hormone contents of potentially tuberous structures and 
tuberizing organs (Wilson et al, 1973) indicate the participation of several plant 
growth substances in tuber growth; these include auxins, gibberellins, cyto-
kinins, ethylene, and abscisic acid. However, the exact hormonal nature of the 
tuber forming stimulus suggested by Madec (1963) has not yet been identified. 
Work by Kumar and Wareing (1973) in Solanum andigena suggests that unidenti-
fied growth inhibitors play an important role in tuberization. It has, however, 
been established that the inhibiting effects of light and low oxygen supply on 
sweet potato tuber growth and development are mediated through inhibition of 
meristematic activity in tubers (Togari, 1950; Ito, 1947). Effects of environ-
mental conditions on Solanum potato tuber growth, e.g., the inhibiting effect of 
water shortage, also operate through decreased cell division and expansion. 

2. Quantitative Processes 

a. Protein Synthesis. The protein synthesis involved in cell division and 
expansion is an important aspect of growth of root crops. Wilson et al (1973) 
referred to competition between the tuber sink and the alternative shoot sink in 
view of the exponential increase in cell number occurring both in tubers 
(Plaisted, 1957) and leaves (Wilson, 1964). It is interesting, therefore, that the 
effect of increased nitrogen supply on reduced tuber growth is to make the 
alternative shoot sink a stronger competitor for available carbohydrates during 
early growth. Wilson and Knox (1973) demonstrated that leaf nitrate reductase 
in sweet potato was an extremely active enzyme and the preeminence of shoot 
growth in the presence of high nitrogen supply might be due to the capacity of 
this adaptive enzyme (Beevers and Hageman, 1969) to direct carbohydrate to 
protein synthesis in leaves rather than to storage in tubers. Alternatively, the 
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reduction of nitrate reductase activity would release carbohydrates for storage in 
tubers. The role of nitrate reduction in root crop metabolism needs further 
study. 

b. Photosynthesis. The process of photosynthesis leads to the increase in 
total dry matter in the developing crop. Parameters such as crop growth rate 
(CGR) and relative growth rate (RGR) express the rate of increase in dry matter 
while net assimilation rate (NAR) expresses the efficiency of the leaf surface in 
accumulation of dry matter. Direct relationships have been established between 
NAR and yield in sugar beet (Watson, 1958) and potato (Milthorpe, 1967), 
between LAI and tuber bulking in cassava (Enyi, 1972), and between CGR and 
LAI in sweet potato (Tsuno, 1971) (Fig. 8), indicating close interrelationships 
between the parameters of dry matter accumulation. Since accumulation of dry 
matter depends on photosynthesis, it is instructive to examine quantitative inter-
actions between the environment and photosynthesis. Lemon (1966) estimated 
that only 2.9% of the total incident radiation was used for dry matter production 
during the active growing period of corn, a crop with vertically displayed leaves, 
and efficient C 4 photosynthesis. Later, the net efficiency, corrected to absorbed 
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Fig. 8 Interrelationships between leaf area index (LAI) and growth rate: 
(a) adapted from Tsuno (1971); and (b) Enyi (1972). 



Root Crops 221 

visible radiation, was still only 7.3%. Loomis and Williams (1963) estimated 
theoretical dry matter production from incident radiation of 500 cal/cm

2
 /day at 

71 g/m
2
/day, or 633 lb/acre/day, or 710 kg/ha/day (Table XIII). Lemon (1963) 

indicated that only 230 lb/acre/day or 225 kg/ha/day can be achieved in red 
clover. A major problem in crop production, therefore, is increasing the effi-
ciency of the conversion of radiant energy into dry matter (Tables IX-XI). 

Quite apart from considerations of leaf display and the mechanism of photo-
synthesis, Wilson (1974) drew attention to the efficiency of light interception in 
root crops, assuming that optimal light interception occurred at LAI = 3. Thus, 
50-60% of the crop growth cycle elapses (Table XIV and XV) before a LAI of 3 
is achieved in yams, compared with 27 -31% in Xanthosoma and Ipomoea 
species, and 40-46% in Solanum potato grown both in the tropics and inter-
mediate climates. Rapid increase in leaf area during early growth would, there-
fore, increase the efficiency in light interception. On the other hand, high LAI's, 
e.g., > 10 in Dioscorea esculenta, reduce the effectiveness of photosynthesis due 
to mutual shading of leaves. However, Bonhomme and Chartier (1972) recorded 
values of gap frequency for sweet potato which suggested that for a canopy of 
LAI = 2.8, the foliage was underdispersed at sun elevations greater than 35° 

Working with sweet potato Tsuno and Fujise (1965) obtained data which 
elucidated many of the principles of photosynthesis and dry matter accumula-
tion in tropical root crops as follows: 

(1) The maximum value of photosynthetic activity for mature sweet potato 
leaves was 20 mg C 0 2 / d m

2
/ h o u r and differences between varieties were small. 

(Fig. 9). 

TABLE XIII 
Estimation of Potential Daily Production by a Crop 

Surface Receiving 500 cal/cm
2
 /day

0 

Potential production 

6. Respiration loss 
7. Net production of (CH 20) 
8. Net production in grams 
9. % Total visible radiation 

Inactive absorption 
4. Total available for photosynthesis 
5. (CH 20) produced 

1. Total radiation/day 
2. Visible radiation, 400-700 μτη 
3. Total quanta, 400-700 Mm 

Albedo loss 

500 cal/cm
2 

222 cal/cm
2 

4320 μΕ/cm
2 

-360μΕ/αη
2 

-432 μΕ/cm
2 

3528 μΕ/cm
2 

353 μπιοΐβ/ατι
2 

-116 μπιοΐβ/αη
2 

237 μπιοΐβ/αη
2 

71 g/m
2 

6.7 

a
F r o m Loomis and Williams (1963). 
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TABLE XIV 
Time Scale for Leaf Area Index Development in Some Root Crops

11 

Time scale, LAI development (weeks) Total 

Crop L A K 1 LAI > 1 < 3 L A I > 3 L A K 3 > 1 LAI < 1 
lime 

(weeks) 

Solanum
0
 (tropical) 4.0 1.6 4.0 4.4 14.0 

Solanum
0
 (temperate) 6.5 3.5 9.0 1.5 1.5 22.0 

Ipomoea
d 

4.5 3.5 5.5 12.5 26.0 
Xanthosoma

e 
6.0 8.0 12.0 10.0 10.0 36.0 

D. alatcf 9.0 8.0 8.0 6.5 2.5 34.0 
D. esculentaß 14.0 4.0 21.5 1.0 40.5 
D. trifidaß 17.0 10.0 6.5 4.5 2.5 40.5 

fl
From Wilson (1974). 

ö
From Chapman (1967). 

c
From Radley (1963). 

d
F r o m Walter (1966). 

e
From Enyi (1973). 

^From Chapman (1965b). 
^Frorn Ferguson and Haynes (1969). 

TABLE XV 
Time Scale for Leaf Area Index Development in Some Root Crops'

1 

Time scale, LAI development (% total crop time) 

Crop L A K 1 LAI > 1 < 3 L A K 3 LAI> 3 L A K 3 > 1 L A K 1 

Solanum
0
 (tropical) 28.6 11.4 40.0 28.6 31.4 

Solanum
0
 (temperate) 29.5 16.0 45.5 40.9 6.8 6.8 

Ipomoea
d 

17.4 13.4 30.8 21.2 48.1 
Xanthosoma

6 
20.0 6.7 26.7 40.0 13.3 20.0 

D. alatcf 26.5 23.5 50.0 23.5 19.1 7.4 
D. esculenta^ 34.5 9.9 44.4 53.1 2.5 
D. trifidcF 41.6 24.7 66.3 16.0 11.1 6.6 

a
From Wilson (1974). 

ô
From Chapman (1967). 

c
From Radley (1963). 

d
F r o m Walter (1966). 

e
From Enyi (1973). 

•^From Chapman (1965b). 
^From Ferguson and Haynes (1969). 
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Fig. 9 Gap frequency as calculated from the exponential profile (GB), and 
sunflect frequency (SB) and gap frequency as measured by means of fish eye 
photographs (G'B) against sun elevation for a sweet potato canopy. (Standard 
deviations of gap frequency values are indicated on the figure.) From Bon-
homme and Chartier (1972). 

(2) Saturating light intensity for individual, intact, or detached leaves was 30 
klux, but although light-photosynthesis curves based on diurnal data collected 
under field conditions showed a close relationship between light intensity and 
photosynthetic rates, light saturation was never achieved and was, therefore, far 
higher than that for the leaf. Maximum dry matter production per unit field area 
was 120 g/m

2
/week and this was achieved at midcrop. Maximum values of NAR 

and leaf area index were 55 g/m
2
/week and 4.3, respectively. Optimum LAI 

under solar radiation of 400 g cal/cm
2
/day was 3.2. 

(3) Photosynthesis was increased by a tenfold increase in C 0 2 concentration, 
at a light intensity of 40 klux and 26.5°C. 

(4) Photosynthesis of individual sweet potato leaves at saturating light inten-
sity was unaffected by temperature in the range of 23°-33°C. 

(5) Photosynthesis was closely related to the potassium content of leaves. 
Leaves containing more than 4% potassium showed high rates of photosynthesis 
provided nitrogen contents were above 2.2%. Photosynthetic rate, however, 
decreased with leaf age, irrespective of mineral nutrient contents. 

(6) In a study of four sweet potato varieties, it was shown that rates of 
photosynthesis per plant were similar in high leaf area (leaf area types) and low 
leaf area types (net assimilation rate types) during the first half of their growth 
period. Thus, per plant photosynthesis could be classified into two types, i.e., 
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high leaf areas with low photosynthesis per unit area of leaf, and low leaf areas 
with high photosynthesis per unit leaf area. 

(7) This study also suggested that apart from a direct effect on photosyn-
thesis, potassium, by increasing tuber development and hence, the transport of 
assimilates from leaves to tubers, might have had an indirect stimulatory effect 
on the rate of photosynthesis. Fujise and Tsuno (1967) also showed that 
photosynthesis was depressed and starch storage in leaves increased when tuber 
formation was inhibited by exposure of the sweet potato root system to light. 

Later, Spence (1971) found a rate of photosynthesis of 15 mg C 0 2 / d m
2
/ h o u r in 

rooted sweet potato leaves and Spence and Humphries (1972) showed that 
increasing tuber development in rooted leaves either by water supply or tempera-
ture treatment to the rooting medium led to increased dry matter production 
per unit leaf area. Despite the similarity of photosynthetic rates in high and low 
leaf area varieties shown by Tsuno and Fujise, Haynes et al. (1967) drew 
attention to the potential advantage of N-induced high LAI, during the later 
stages of the sweet potato crop grown in the tropics, in providing a source of 
assimilate for rapid tuber bulking. However, reciprocal graft experiments with 
high and low yielding sweet potato varieties conducted by Wilson (1967) and 
Hozyo (1970) showed that high tuber yield was determined by the root stock 
irrespective of the leaf shape and yield characteristics of the scion used. 

On balance, therefore, it appears that the quantitative yield limiting process 
in sweet potato is tuberization rather than photosynthesis, and hence the 
external factors which influence this process, e.g., water supply and oxygen, are 
likely to have considerable effect on yield. Milthorpe (1967), however, con-
cluded that in Solanum potato the rate of tuber growth was controlled by the 
supply of photosynthate, which, in turn, was mainly controlled by the extent 
and duration of the leaf surface. Apparently higher yields in cassava root stocks 
grafted to Manihot glaziovii might indicate a similar yield limitation by the 
quantitative process of photosynthesis. 

Both light and dark respiration might function to reduce the efficiency of 
photosynthesis. Thus, although it has been suggested that high leaf to stem ratios 
in sweet potato (Tsuno and Fujise, 1965; Austin and Aung, 1973) might lead to 
reduced dry matter production, the occurrence of peroxisomes and photorespi-
ration in leaves might make leaf tissue an equally effective site of nonproductive 
dry matter utilization. 

Despite the existence of environmental factors in tropical ecosystems which 
could function to reduce the potentially high productivity of root crops, e.g., 
extremes of water availability, a major factor responsible for the low productiv-
ity of tropical ecosystems is the relatively unimproved crop performance of 
tropical root crop species, e.g., in the patterns of growth and development (Figs. 3 
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and 4). However, record yields in existing cultivars of tropical root crop species 
indicate that productivities, comparable with those of cereals, can be achieved 
(Table XVI). 

IV. SPECIES-DEPENDENT ECOPHYSIOLOGY 

Previous sections considered responses of root crops to naturally occurring 
variables both in the soil and aerial environment. However, in modern agricul-
tural practice, many of these variables are manipulated to increase crop produc-
tivity. Thus, in the soil environment, nutrient status is improved by fertilizer 
application and water supply regulated by irrigation and/or drainage. Variations 
in the aerial environment, e.g., temperature and daylength, can also be maxi-
mally utilized for increasing productivity by choice of planting date to realize 
crop growth in the most favorable season and use of varieties capable of 
completing their growth cycles in this season. An excellent example of such 
utilization of variation in daylength is the high-density cultivation of existing 
dwarf, determinate Cajanus cajan cultivars as a row crop under short-day 
conditions in Trinidad (West Indies) from October to January (Spence and 
Williams, 1972). The most dramatic recent advances in crop production have, 
however, been made through improved utilization of environmental resources, 
particularly light and nutrient supply for increased crop productivity, by devel-
opment of new varieties responsive to high density cultivation at high levels of 
fertilization. Such successes include dwarf IRRI rice varieties and U.S. maize 
hybrids. Another significant recent success is the development of subtropical 
wheat varieties which have made countries such as India and Mexico almost 
self-sufficient in wheat flour within a few years. The transfer of Solanum potato 

TABLE XVI 
Maximum Yields in Selected Experiment Stations 

in the Tropics
0 

Tons per ha Tons per ha 
Crop per harvest per year Cal/ha/day X 10

3 

Rice 16.4 26.0 176 
Wheat 3.9 11.7 110 
Maize 5.5 20.0 200 
Cassava 77.0 71.1 250 
Sweet potato 41.0 65.2 180 

ö
From de Vries et al (1967). 
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cultivation from tropical to temperate latitudes through modifications of the 
species' response to temperature and daylength is an achievement of longer 
standing. 

These examples illustrate approaches to the ecophysiology of crop produc-
tion which depend on development of new varieties: (a) either to increase crop 
productivity through more efficient utilization of the environmental resources of 
a particular ecosystem, or (b) to transfer production of a particular species to a 
new ecosystem with different environmental characteristics, e.g., in temperature 
and daylength. Such an approach is here referred to as species-dependent 
ecophysiology. In this section, recent developments in species-dependent eco-
physiology relevant to increasing the productivity of tropical root crops are 
discussed. However, problems of transfer of tropical root crops to new eco-
systems are not here considered, despite earlier attempts to cultivate Dioscorea 
batatas in Europe in the nineteenth century during the Solanum potato famine, 
and more recent reintroduction of Solanum potato to tropical latitudes. 

A. Crop Ideotypes 

Donald (1968) called attention to the limitations of classical plant breeding 
methods which were based on (a) either defect elimination in breeding programs 
for disease resistance, or (b) selection of individual plants for high yield without 
reference to designated physiological or morphological characters which deter-
mined such high yield. Thus, although these methods have, in the past, led to 
realization of immediately desired objectives, i.e., increased yields and/or resis-
tance to disease, the methodology employed did not generate any information 
on the plant characters associated with improved crop performance. A major 
disadvantage of this approach is that it does not allow for improvement in crop 
performance to the asymptotic limit of the species by systematically optimizing 
the determinants of yield (or resistance to disease) in new cultivars. The failure 
to achieve any major improvement in European potato productivity over the last 
50 years is perhaps a good example of the inadequacy of such conventional 
breeding methods. 

Donald (1968) proposed a third approach to improvement of productivity 
that specifically aims to achieve the objective of systematic improvement in crop 
productivity to the species asymptote through breeding for model plants or 
ideotypes. In this approach, a model is first designed from a number of model 
characters, shown to be determinants of high yield in a range of contrasting 
cultivars and a biological prototype later synthesized by appropriate breeding 
methods, using these cultivars. Accordingly, an ideotype was defined by Donald 
(1968) as "a biological model which is expected to perform or behave in a pre-
dictable manner within a defined environment and to yield a greater quantity or 
quality of useful produce than existing varieties when developed as a cultivar." 
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Design of an ideotype, therefore, presupposes detailed and accurate knowl-
edge of the range of anatomical, morphological, physiological, and biochemical 
characters existing in varieties and/or cultivars within a species. In ideal circum-
stances, it also assumes the availability of information on the development and 
performance of cultivars and varieties with contrasting habits in different eco-
systems. However, data on the performance of cultivars in the ecosystem for 
which the ideotype is being designed may be adequate. Examples of model 
characters which have been suggested for cereals are shown in Table XVII. 
Donald (1968) stated that the successful crop plant will be of low competitive 
ability relative to its mass and high efficiency relative to its environmental 
resources. Such an ideotype maximizes productivity by intensive high-density 
cultivation. 

The design of an ideotype for tropical root crops is complicated by the 
diversity of habits in existing species (Table VII) ranging from plants with 
cormous stems in the edible aroids, through the trailing stem of sweet potato, to 
the upright, secondarily thickened, woody stem of cassava. The yield organ also 
varies considerably in origin, from lateral roots in cassava and sweet potato, 
through reduced stems in the edible aroids, to a rudimentary rhizome in the 
yams. In addition, apart from sweet potato, crop performance data for a wide 

TABLE XVII 
Some Model Characters for a Cereal Ideotype

0 

Morphological 
Short, erect stem, resistant to lodging 
Single culm 
Short, erect, dark green leaves 
Few small leaves 

Physiological 
Shade tolerance 
Tolerance of high density planting at high rate of fertilization 
High LAD

0
 above flag leaf 

Rapid translocation of sugars 
High nitrate reductase activity 
High interspecific competitive ability 
Low intraspecific competitive ability 

Reproductive 
Early flowering and maturity 
High harvest index 
Large erect ears 
Many florets per unit dry matter 
High (nonlimiting) sink capacity of ears 

"After Donald (1968). 
ft
LAD, Leaf area duration. 
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range of contrasting cultivars are not available for the tropical root crops, and 
much of the data for sweet potato has been obtained for subtropical ecosystems 
in Japan. Thus, although it is not possible at this time to design with confidence 
either a single ideotype or range of ideotypes for tropical root crops, some of the 
principles that might be applied to the design of such an ideotype will be 
discussed. 

B. Potential Productivity of Tropical Seasons 

A characteristic feature of the tropical environment is the existence of 
suitable temperatures for growth throughout the year. However, in most cli-
mates, the year is divided into wet and dry seasons of varying lengths. In turn, 
the wet season is characterized not only by high precipitation, but also by longer 
daylengths (in northern latitudes) and lower light intensities due to high cloud 
cover. Conversely, in the dry season there are low precipitation, shorter day-
lengths, and higher light intensities. Thus, although water is not a limiting factor 
in crop growth in the wet season, soil oxygen may become limiting due to soil 
waterlogging, leading to limited nutrient uptake and slow growth. Heavy precipi-
tation results in loss of soil nutrients (both applied and native) by leaching and 
surface movement. In addition, lowered light intensities might lead to reduced 
rates of photosynthesis, leaf density thickness, increased stem length, area of 
individual leaves, and consequently reduced availability of assimilates for stor-
age. The prevalent, long days and high nighttime temperatures of the wet season 
might also result in postponement of tuber initiation and slower tuber growth, 
while high humidities might increase the incidence of pests and diseases. Alterna-
tively, apart from availability of water, conditions of soil oxygen, and nutrient 
supply, light intensity, daylength, and night temperature are more favorable for 
growth in the dry season. As a result, in root crop species with short-enough 
growth cycles to be cultivated in either season, e.g., sweet potato, irrigated dry 
season crops usually produce higher yields (Walter, 1966; Lowe and Wilson, 
1975a). It would seem, therefore, that the potential productivity of the dry 
season is higher than the wet season and in climates with scattered precipitation 
in the dry season, tropical crop productivity is probably maximal. 

C. Alternative Model Characters for Tropical Root Crop Ideotypes 

1. Ideotypes for Cultivation Systems 

Perhaps the first alternative in the considerations of root crop ideotypes is 
whether there should be a single ideotype, two ideotypes for wet and dry 
seasons, or ideotypes for each species, which would maximize the specific 
climate adaptation of the species, e.g., paddy conditions in the Colocasia aroids, 
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resistance to wind damage due to trailing habit in sweet potato, relative drought 
tolerance in cassava. Then, attention must also be given to whether in the 
context of current agricultural development in individual tropical countries, and 
the relative importance of tropical root crops in the agricultural sector, extensive 
or intensive systems of root crop production are desirable. This consideration 
would lead to a choice of characteristics for an aggressive ideotype with strong 
interspecific competitive ability, e.g., for suppression of weeds, perhaps at the 
expense of tolerance of high density cultivation. Choice of length of crop growth 
cycle for maximizing root crop productivity in the tropics is also relevant in this 
connection. It seems that the possible alternatives include (a) long crop growth 
cycles of up to 10 months in which crops are planted at the outset of the wet 
season and harvested in the following dry season, e.g., cassava, yams, edible 
aroids; (b) growth cycles of intermediate length of 5-6 months, which would 
allow for cultivation of successive wet and dry season crops in one year, e.g., 
sweet potato; (c) short growth cycles of 3-4 months, which would permit at 
least three successive crops in one year, e.g., Solanum potato or early sweet 
potato varieties. 

2 Stem Habit 

The ideal character of the stem is another important consideration in the 
design of root crop ideotypes. In root crops, the stem has the following 
functions: (i) support, exposure, and display of leaves; (ii) transport of assimilate 
from leaves to tubers; (iii) storage in the cormous stem of the Colocasia and 
Xanthosoma aroids, and the rhizomatous tuber of the yams; (iv) genesis and 
attachment of tubers in sweet potato and Solanum potato. 

Thus, the stem is not involved in providing aerial support for the yield organ 
as it is in the cereals, and provision of such support, which is a central feature in 
the design of cereal ideotypes, is, therefore, of no importance in root crops. 
However, the functions of leaf display and transport of assimilate require 
opposing characteristics. Thus, reduction of the stem to the point where leaves 
present as a rosette, e.g., in the aroids, would reduce the transport pathway for 
assimilate from leaf to tuber thus increasing the efficiency of such transport, but 
could lead to mutual shading of leaves, poor display to light, and reduced 
photosynthesis. Alternatively, the relative advantage of the elongated stem for 
leaf display may be partially offset by increase in assimilate transport distances, 
as well as the diversion of considerable material to stem growth, e.g., cassava. 
The elongated trailing stems of sweet potato would appear to be disadvantageous 
for leaf display, but comparative measurements of gap frequency in sweet potato 
and maize by Bonhomme and Chartier (1972) indicated that light penetration 
in a sweet potato canopy (at LAI = 2.8) may be adequate. Haynes and Wholey 
(1968) and Wholey (1968) classified sweet potato cultivars into those with 
gathering as opposed to spreading habits, and the latter investigator attempted to 
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quantify stem habit in terms of lateral branches per unit stem length. The 
character of the canopy in which gap frequency was measured was not defined. 
It would seem, however, that the long twining stems of yams, which in practice 
are supported either on stakes or trelliswork, offer neither an ecological nor an 
economic advantage, and the ideal yam plant would perhaps be better served by 
a short, semi-erect stem. In cassava, a single short stem rather than many long 
stems would seem to be an advantage for efficient utilization of environmental 
resources (Enyi, 1972). Model characters for stem habits in tropical root crops 
might therefore be tentatively suggested as follows: cassava—short, erect stem; 
yam—semi-erect stem; sweet potato—short, trailing stem with gathering habit; 
Solanum potato—short, erect stem. The relative merits of divided or entire leaves 
in all species must also be considered. But these suggestions should be as far as 
possible confirmed by experimentation before adoption, e.g., by reciprocal graft 
experiments (Wilson, 1967) or by physiologically induced changes in stem habit 
(Spence, 1970; Spence and Boerboom, 1975). 

3. Production and Distribution of Assimilate 

The total production of dry matter as well as the distribution to tubers of the 
portion of dry matter surplus to that necessary for maintenance of the individual 
plant in a crop community as a morphogenetic entity are ultimate determinants 
of yield. However, the characteristics of the ideal morphogenetic entity change 

2.0 3.0 4 .0 5.0 6.0 7.0 

Tuber no. 

Fig. 10 Relationship between tuber number and tuber weight in six sweet 
potato cultivars. From Lowe and Wilson (1974). 



Weeks after planting 

Fig. 11 Tuberization indexes in six sweet potato cultivars. From Lowe and 
Wilson (1974). 
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Fig. 12, Leaf area trends in shoots of three tapioca varieties. From Wil-
liams and Ghazali (1969). 
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Fig. 13 Yields of three varieties of tapioca. From Williams and Ghazali 
(1969). 

throughout ontogeny (Wilson, 1967) and harvest index (Donald, 1962), as the 
term implies, considers plant form and yield only at harvest. 

Some model characters associated with assimilate production and distribution 
include (1) rapid, early leaf area development to LAI = 1 for effective light 
interception during early growth (Wilson, 1974); (2) development of leaf area to 
a maximum LAI of 3 -4 , and slow turnover of leaves after maximum LAI has 
been attained (Spence, 1970); (3) slow decline of leaf area during leaf senes-
cence, since this period often coincides with maximum rates of tuber bulking 
(Haynes et ai, 1967); (4) early initiation and cellular development of tubers to 
create an active tuber sink for assimilate (Wilson, 1970; Wilson and Lowe, 1973; 
Lowe and Wilson, 1974, 1975a,b). 

The examples of model characters considered are given only to illustrate the 
sort of plant characteristics that might be improved in order to systematically 
approach the yield asymptote of root crop species. Such characters must, 
however, be closely studied for each species, taking into account the environ-
ment for which the ideotype is being designed. Some indications of interrelation-
ships between the characters mentioned in sweet potato and cassava cultivars are 
discussed by Wilson (1974) and Lowe and Wilson (1975a,b), and are shown in 
Figs. 10-13. 
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I. INTRODUCTION 

Sweet potato (Ipomoea batatas) is indigenous to tropical America from which it 
was disseminated, first to tropical islands of the Pacific and northern New 
Zealand, and later to tropical Asia and Africa by Spanish and Portuguese 
explorers and/or traders after Columbus. Sweet potato is widely grown as one of 
the important staple food crops in many parts of the tropics and subtropics. In 
addition to its importance as human food, sweet potato provides animal feed 
and raw material for industrial purposes. It is now grown in areas reaching 40°N 
and 40°S latitudes and as high as 2000 m above sea level. Statistics on world 
production of sweet potato are obscure, but a rough approximation of about 15 
million hectares and 130 million tons, respectively, can be made from the FAO 
1973 Production Yearbook. 

Sweet potato is grown over a wide range of environmental conditions, 
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including land of low fertility and relatively low pH where it can still produce a 
considerable yield. Sweet potato has good drought tolerance. It requires rela-
tively little attention and labor and its production costs are low compared with 
other crops. It has the highest solar energy fixing efficiency among the food 
crops, primarily because of its tremendous capacity to produce dry matter for a 
long period of time. A national average of about 20 tons fresh yield per hectare 
in 4 to 5 months has been recorded in several countries. This is equivalent to 
about 6 tons dry yield. As such it has high production potential and provides 
food at a time when the staple diet is in short supply. In some highly populated 
areas, traditional staple cereals have been replaced by the high calorie producing 
sweet potato. 

Although sweet potato has been under cultivation for a long time and is 
economically important in the tropics and subtropics, little attention has been 
given to its improvement. There is, however, tremendous potential for sweet 
potato improvement as human and animal food as well as for industrial raw 
materials in the tropics and subtropics. 

II. EFFECT OF ENVIRONMENT ON DRY MATTER PRODUCTION 

Since the tuberous root comprises a high proportion of total dry weight, the 
increase in total dry matter has a direct connection with tuberous root yield. 
Productivity of the tuberous root is, therefore, primarily a function of dry 
matter accumulation. 

Dry matter production is determined by many environmental factors, with 
mineral nutrients, radiation, temperature, and moisture most important. The 
relationships among the factors in relation to source and sink are diagrammati-
cally shown in Fig. 1. Tsuno and Fujise (1965a) reported significant positive 
correlations of photosynthetic activity with potassium, nitrogen, and phos-
phorus content in the leaf blade (Fig. 2). Photosynthetic activity showed the 
highest positive correlation with potassium and the lowest with phosphorus, but 
a negative correlation with carbohydrate content in the leaf blade, which in turn 
showed the highest negative correlation with potassium and the lowest with 
phosphorus. There were also high positive correlations between nitrogen, phos-
phorus, and potassium. These correlations will be discussed relative to dry 
matter production in terms of nutrient absorption, photosynthetic activity, and 
partitioning of photosynthate. 

Adventitious roots of sweet potato, formed at the node, were classified into 
four kinds including young root, fibrous root, hard root, and tuberous root 
(Togari and Fujise, 1962). The young root becomes either tuberous, hard, or 
fibrous depending on the activity of primary cambium and degree of lignifica-
tion of stele cells which are in turn dependent on environmental factors even at 
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Radiation Temperature 

Photosynthetic 
Activity 

Fig. 1 Relationships between the most important environmental factors 
affecting dry matter production. 

the early growth stages. The relationship is diagrammatically shown in Fig. 3 
from which it can be seen that the young root develops into tuberous root when 
the primary cambium activity is great and the degree of lignification öf stele cells 
is small, particularly under conditions of low temperature and high potassium 
supply. 

Fig. 2 Diagrammatic summary of Tsuno and Fujise's correlations of three 
major nutrients (N, P, K), photosynthetic rate (P 0 ), and starch content in the 
leaf blade (S). 
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Lignification degree of stele cells k Low ψ High 

Fig. 3 Development of respective roots at early stage of growth in relation 
to cambium activity and lignification degree of stele cells. Y stands for young 
root, Τ for tuberous root, Η for hard root, and F for fibrous root. 

A. Mineral Nutrients 

Nitrogen increases dry matter production by increasing leaf expansion of leaf 
area index and increases the distribution ratio of above-ground parts to under-
ground parts (Tsuno and Fujise, 1964b). There is a linear relationship between 
nitrogen content and leaf area index. However, it is well established that the 
linear increase with leaf area index reduces the net assimilation rate in the 
natural population because of increased mutual shading of lower leaves (Fujise 
and Tsuno, 1962). Similarly, the leaf area duration increased with increased 
nitrogen absorption but net assimilation rate decreased. 

At fixed levels of potassium, distribution of dry matter to roots was affected 
by nitrogen content in the leaf blade (Tsuno and Fujise, 1964b). When nitrogen 
content was high in the leaf blade, most of the photosynthates were utilized in 
top growth. 

It is well known that among mineral nutrients, potassium affects tuberous 
root yield most. Potassium affects dry matter production by increasing net 
photosynthetic activity of a given leaf area (Fujise and Tsuno, 1962). The 
increased potassium caused no change in the leaf area index but increased net 
assimilation rate, which finally increased total dry matter production (Tsuno and 
Fujise, 1964a). 

Increased potassium prolonged leaf area duration (Tsuno and Fujise, 1964b). 
When potassium was increased, excessive top growth was greatly suppressed, 
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even under high nitrogen conditions, and higher tuberous root yield was accord-
ingly produced. 

When potassium was increased, photosynthetic activity was promoted by 
decreasing photosynthate in the blade (Fujise and Tsuno, 1962). Increased 
potassium accelerated the translocation of photosynthates and was effective in 
increasing the size of sink or tuberous root (Tsuno and Fujise, 1965a). Therefore 
potassium accelerated translocation of photosynthates into the tuberous root by 
increasing sink capacity, which resulted in low carbohydrate content in the blade 
and finally increased photosynthetic activity. 

The relationship between photosynthetic rate and nitrogen percent varied 
with potassium level in the leaves (Fujise and Tsuno, 1962). When potassium 
levels were high (above 4%) in the leaves, the rate of photosynthesis was very 
high even at low nitrogen levels (2.2%), while the rate was low when potassium 
content was low (below 4%) even under high nitrogen levels (about 3%). Dry 
matter distribution ratio of above-ground parts over underground parts increased 
as nitrogent percent in the blade was increased at a fixed level of potassium. 
However, the ratio continuously decreased as potassium was used less for 
formation of above-ground parts but used primarily by underground parts, 
mainly tuberous roots. For high tuberous root yield it is therefore important to 
keep the ratio of potassium to nitrogen high (Tsuno and Fujise, 1965b). 

Path coefficient analysis was applied using the correlation coefficients of Fig. 
2 to evaluate direct and indirect effects of nitrogen and potassium on photo-
synthetic activity and starch content in the leaf blade (Fig. 4). Potassium showed 
higher positive direct effects on photosynthetic activity (0.640) and higher 
negative direct effect on starch content in the leaf blade (-0.688) than those for 

/*po5= - 0 770 = -0084 - 0127 - 0 440 - 0117 

Fig. 4 Direct and indirect effects of nitrogen (N) and potassium (K) on 
photosynthetic rate (P 0 ) and starch content. 
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nitrogen (0.289 and -0 .290 , respectively). The indirect effect of potassium on 
photosynthetic activity by reducing starch content also was very high (-0.440). 

The key factors for success of sweet potato production are (1) to maintain 
optimum nitrogen levels to limit excess growth of above-ground parts thus 
increasing light interception, and (2) to provide sufficient potassium to increase 
sink capacity and photosynthetic rate (Tsuno and Fujise, 1968). 

B. Radiation, Temperature, and Moisture 

Sweet potato grows well under conditions of high temperature, high light 
intensity, and considerable rainfall, providing there is good drainage during the 
growing period, but moderately dry weather is favorable to formation and 
development of tuberous roots. 

Relatively low temperature combined with low light intensity and short 
photoperiod promotes development of tuberous roots to a greater extent than 
that of the vines. Photoperiod appears to be most important (Edmond and 
Ammerman, 1971). 

The photosynthetic process depends primarily on external conditions, espe-
cially radiation and temperature (Spence and Humphries, 1972). At low tem-
peratures, respiration rate decreases, thus reducing the energy needed for 
nutrient uptake and distribution (Tsuno and Fujise, 1964b). Dry matter produc-
tion increased with increasing soil temperature from 20° to 30°C (Tsuno and 
Fujise, 1964a). 

When rooted leaves were held at temperatures ranging from 10° to 35°C, 
tuberous root formation occurred maximally at 25°C. At 15° and 35°C few or 
no roots swelled to form tuberous roots and more fibrous roots developed, while 
at 10°C there were no tuberous roots and few fibrous roots (Spence and 
Humphries, 1972). However, this experiment was conducted at constant tem-
peratures and when naturally fluctuating temperatures are considered, especially 
night temperature, the situation might be different. 

Sweet potato maintains a more satisfactory agronomic balance between the 
growth of vine and yield of tuberous roots in well-drained sandy or silt loams 
(Johnson and Ware, 1948). Less tuberous root and total dry matter per unit 
area of lamina were produced in a wet regime (Spence and Humphries, 1972). 
There were no significant differences in yield from irrigating at moisture levels 
higher than 20% at any stage of growth (Jones, 1961). 

Heavy clay results in growth of stems and leaves but not of tuberous roots 
which are poorly shaped. In dry compact soil, both cambial activity and the 
degree of lignification were high, giving young roots of a hard fibrous nature. 
Oxygen deficiency in the soil at an early growth stage increases the degree of 
lignification of stele cells and suppresses the activity of primary cambium, 
resulting in development of young roots into fibrous roots. Lack of oxygen and 
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excess moisture in the soil have an adverse effect on fleshy root formation and 
enlargement. 

The optimum pH of soil for sweet potato is 6.1-7.7 but it performs well even 
in soil with a relatively lower pH (4.2) (Kotama, 1962). 

Under shaded conditions, the degree of lignification of stele cells is not high 
but cambial activity is lower, which delays differentiation and development of 
tuberous roots. The rate of photosynthesis is highest between 9 AM and 1 PM, 
being about 12 mg CO 2/100 cm

2
/hour , decreasing gradually to about 2 mg 

CO 2/100 cm
2
/hour at 5 PM (Fujise and Tsuno, 1962). Reduction of natural 

light intensity by 30-50% did not significantly affect dry matter production 
(Tsuno and Fujise, 1964a), suggesting source activity was not limiting. Light 
saturation of photosynthesis occurred at around 30 klux with no change in 
photosynthetic rate at higher intensities (Fujise and Tsuno, 1962). 

Even though sweet potato has a high photosynthetic activity per unit of leaf 
area, mutual shading occurs because of a leaf arrangement which causes poor 
light penetration. Therefore, the net assimilation rate decreases with an increase 
of leaf area index in natural populations (Tsuno and Fujise, 1963). Consequently 
it is difficult to increase dry matter production, especially in terms of tuberous 
root yield, through increasing leaf area in the natural population. Therefore, the 
effectiveness of leaf area in terms of net assimilation rate will be mainly 
important for dry matter production. Since photosynthetic activity per unit of 
leaf area in the main contributes to the net assimilation rate, the most important 
consideration is to maintain net photosynthetic activity as high as possible for a 
long period of time (Fujise and Tsuno, 1962). 

Therefore, the favorable external conditions for high yield are those which 
promote nutrient absorption, improve light interception in natural populations, 
increase net photosynthetic activity, and improve formation and enlargement of 
tuberous roots. 

III. SOURCE-SINK RELATIONS 

Tuberous root yield is a function of both sink capacity and source potential, 
and yield is reduced when either is limiting. Questions then arise as to which has 
more effect on yield and how the source and sink are related in terms of 
tuberous root yield. 

In crop populations which have been improved for many years in a given 
environment, sink may be less limiting than source. In this instance, source 
activity may have a greater effect on yield. However, with sweet potato in the 
tropics, which has not been subjected to much improvement, the sink may be 
more limiting on tuberous yield than source activity. 

There are some reports on source-sink relationships in sweet potato. Spence 
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and Humphries (1972) reported that there was more dry matter per unit area in 
lamina and petiole when tuberous roots did not form. Photosynthetic activity 
was drastically reduced when tuberous root enlargement was restrained by 
exposing tuberous roots to light (Tsuno and Fujise, 1965a). They also reported 
that low tuber sink capacity was a limiting factor for photosynthetic activity. 
From the reciprocal graft between cultivated sweet potato Ipomoea batatas and 
its related species, Ipomoea trifida, Hozyo and Park (1971) reported that 
photosynthetic activity was higher when cultivated sweet potato with larger sink 
was used as a stock. Increased tuberous root growth was related to increased net 
assimilation rate (Spence and Humphries, 1972). Based on these results Hozyo 
and Park (1971) and Spence and Humphries (1972) support the view that the 
rate of photosynthesis depends on the demand of sink for photosynthates. 

Photosynthetic activity was low when carbohydrate concentration was high 
in the leaf blade. Thus photosynthates in the blade must be translocated into a 
different sink such as the tuberous roots in order to maintain high photosyn-
thetic activity (Tsuno and Fujise, 1965a). By feeding

 1 4
C 0 2 into the fifth leaf 

of reciprocal grafts of / batatas and/, trifida, Kato and Hozyo (1974) confirmed 
that photosynthates were translocated mainly into stock as sink capacity in-
creased. Therefore, it can be concluded that sink capacity affects translocation 
of photosynthates, which reduces the carbohydrate content in the blade and in 
turn increases photosynthetic activity. 

During 1974, a 4 X 4 diallel graft was made by the author using sweet potato 
varieties with different source potentials and sink capacities to investigate 
their relationships with special reference to tuberous root yield (Hahn, 1977). 
The variety with large sink capacity showed a high response of sink to good 
source. On the other hand, the variety with poor sink capacity showed a low 
response of sink to source even though a good source was provided. This suggests 
that sink is the primary factor in higher yield and source is secondary. Geno-
types with large sink capacity should, therefore, be selected primarily in 
breeding procedures with subsequent improvement by incorporating a large 
source potential. Sink capacity was more important than source potential in 
determining tuberous root yield but only within certain limits. The combina-
tion of the variety with the highest sink capacity and the other variety with the 
highest source potential gave the highest value of dry tuberous root yield by 
harvest index. 

IV. PHOTOSYNTHETIC EFFICIENCY 

Sadik (1973) screened some 10,000 sweet potato genotypes in the "Moss 
chamber" for low C 0 2 compensation concentration to test photosynthetic 
efficiency and obtained some plants which remained green and either had low 
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C 0 2 compensation points or some other mechanism of survival at low C 0 2 . 
These were designated as having high photosynthetic efficiency. It was later 
reported (International Institute of Tropical Agriculture, 1973) that there were 
no consistent differences in the biomass and components of biomass yields 
between the high and low groups of photosynthetic efficiency. 

During 1973, a 4 X 4 diallel cross of two clones each for high and low 
photosynthetic efficiency was made in order to study the genetic and physiologi-
cal mechanisms of photosynthetic efficiency (International Institute of Tropical 
Agriculture, 1974). The cross, high to high photosynthetically efficient clones, 
did not produce average progenies of high photosynthetic efficiency. It appeared 
that photosynthetic efficiency was mainly due to nonadditive effects and may 
also have been influenced by other factors with which it might be inversely 
associated. When average harvest indexes and yield of the six families were 
plotted on a fresh weight basis against photosynthetic efficiency, it was observed 
that photosynthetic efficiency to a certain point might not be a limiting factor 
in high yield but that distribution of assimilates might be (Fig. 5). 

It was pointed out earlier that net assimilation is most important in increasing 
dry matter production in natural populations. It was also pointed out that 
source potential must be improved to increase tuberous root yield when the sink 
is not limiting. Therefore, importance of sweet potato improvement for high 
photosynthetic efficiency is stressed for a further increase in yield. 
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Fig. 5 Harvest index for fresh yield in relation to photosynthetic effi-
ciency. 
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V. DROUGHT TOLERANCE 

Sweet potato is resistant to drought (Kotama, 1962), but little has been 
reported on the mechanisms involved. The drought scores of a 4 X 4 diallel graft 
in the field during the dry season are summarized in Table I. The low drought 
tolerance of variety Tib 4 was due to the stock (root) and not to the scion (top) 
which in fact had the most drought-resistant top. The low tolerance of variety Tib 
10 was associated with both root and top. The high tolerance of Tib 5 was due 
to the root and not to the top, while that of Tib 1499 was due to both root and 
top. When a drought-resistant scion was grafted to a drought-resistant stock, the 
combination produced a synergistic level of greater drought resistance in the 
combination of Tib 1499 as stock and Tib 4 as scion than that of either of the 
components. The synergistic mechanism of drought tolerance and higher produc-
tion under drought stress in the graft combination was due to higher leaf water 
content, smaller size of stomata, better ability to reduce bottom leaves of Tib 
4 under stress, and more and larger fibrous roots of TIS 1499. Because of its 
resistance to drought, sweet potato is widely grown and continuously expanding 
in drought-affected areas. Thus, to meet with this trend sweet potato needs to be 
further improved relative to drought resistance and the mechanisms should be 
further studied. 

Sweet potato is grown in a wide range of soil and climatic environments and 
cultural practices. This is primarily because sweet potato has the ability to adapt 
well to environment, and many different cultivars adapted to a given environ-

VI. GENOTYPE X ENVIRONMENT INTERACTION 

TABLE I 
Root-Top Relation in Drought Tolerance in a 4 X 4 

Diallel Graft
0 

Scion 
Stock 1 2 3 4 Stock average 

1 Tib 4 
2 Tib 5 
3 Tib 10 

1.80 
0.29 
0.83 
0.25 
0.79 

2.13 
0.45 
1.17 
0.81 
1.14 

2.67 
1.00 
1.50 
0.83 
1.50 

1.56 
0.81 
1.12 
0.81 
1.08 

2.04 
0.64 
1.16 
0.68 
1.13 

4 TIS 1499 
Scion average 

a
The italic numbers indicate self-grafts. Lower figures indicate resis-

tance to drought. Scoring was made on December 16. 
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ment have emerged through natural and artificial hydridization of mutation and 
natural and artificial selection for many years. 

Environment, including different soils, climates, cultural practices, diseases 
and insects, varies with years or seasons and locations. The differential response 
of various genotypes of cultivars to specific environments is called genotype X 
environment interaction. Large interaction effects indicate less adaptation sta-
bility of genotypes to the range of environment. For stable and dependable 
sweet potato production over large areas every year and every season, cultivars 
with the least interaction effect are most essential. 

From preliminary yield trials conducted in both wet and dry seasons, a high 
genotype X season interaction was observed for fresh tuberous root yield. The 
differences between seasons in temperature, soil moisture, radiation, etc., might 
result in a differential response of different genotypes. Other preliminary yield 
trials were conducted in a sandy, high rainfall area (2600 mm) and/or clay soil 
receiving relatively lower rainfall area (1800 mm). A high interaction effect 
between genotypes and locations was also noted in the trials. This suggests that 
high yielding varieties may not produce high tuberous root yield in different 
seasons and locations. Thus screening of germ plasm for genotypes with wide 
adaptation assumes high priority. 
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I. INTRODUCTION 

Various aspects of ecophysiology of the coffee plant (Coffea arabica L.) have 
been periodically reviewed (Sylvain, 1954; Alvim, 1958, 1973; Franco, 1965; 
Hernandez Medina, 1965; Wormer, 1965a; Ramaiah and Gopal, 1969; Huxley, 
1970; Barros and Maestri, 1972). As emphasized by Sylvain (1954) and Huxley 
(1970), information on physiology of the coffee tree is needed to establish the 
best management practices and to provide guidance in breeding programs. 

This chapter discusses some aspects of photosynthesis, productivity, vegeta-
tive and reproductive growth, and their regulation by climatic factors. It also 
deals with the influence of these factors on distribution of Arabica coffee. 

249 
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II. CLIMATIC FACTORS AFFECTING 
DISTRIBUTION OF COFFEE 

Many crop plants have been very widely dispersed by man, often because high 
profits more than justified low yields in less-than-optimal environments (Loomis 
et al, 1971). Crop plants generally show wide morphological pasticity in most 
diverse environments. These considerations make it difficult to define the 
specific ecological requirements of these plants. Some investigators believe, 
however, that ecological requirements are best studied in the area of origin of a 
species. Others believe it sometimes is more useful to study plant growth in areas 
to which species have become dispersed, especially when plants grow better 
there than in regions of their origin. 

There appears to be no doubt that Arabica coffee originated in Ethiopian 
tropical forests at altitudes of 1600 to 2800 m at 6° to 9°N and 34° to 40°E. In 
these regions the mean temperatures are about 20°C, and rainfall is well 
distributed, varying from 1600 to more than 2000 mm, and there is a dry season 
of 3 to 4 months. In these areas the coffee tree occurs as part of a four-layer 
forest complex. The upper layer is approximately 3 0 - 4 0 m high and the 
dominant trees are species of Albizzia, Celtis, Chrysophyllum, Clausenopsis, and 
Cordia. The second layer, at 20 m, consists mainly of Bersama, Bridelia, Croton, 
Ehretia, Ekbergia, Ficus, Morus, Polyscias, Pygeum, and Syzygium. The main 
genera of the two shrubby layers are Carissa, Coffea, Gymnosporia, and Sider-
oxylon (Sylvain, 1955a). Hence, under original conditions, coffee grows perma-
nently under shade, is not exposed to excessively high temperatures, and 
undergoes a relative dry period during the year. 

Commercial coffee plantations are largely distributed from Cuba, 22°N (Gin-
del, 1962) to 26°S in Parana, Brazil, although some plantations occur elsewhere 
(Nosti Nava, 1953). Beyond those limits, temperatures below 12°C for long 
periods inhibit growth and development of coffee (Alègre, 1959). 

Several factors influence growth and yield of coffee. High temperatures 
inhibit growth, because above 24°C net photosynthesis begins to decrease and 
becomes negligible at 34°C (Nunes et al, 1968). Perhaps this is one of the 
reasons coffee is not recommended for equatorial lowlands. Nevertheless, suc-
cessful coffee plantations occur in or close to equatorial regions, as in Kenya, 
Tanzania, and Colombia. In these areas, altitudes above 1000 m ensure success 
of the crop (Alègre, 1959; Haarer, 1962, 1963). Coffee does not tolerate a wide 
range of temperatures. Mean temperatures below 16° and above 23°C are not 
suitable, and the optimum varies from 18° to 21°C (Alègre, 1959). 

Coffee grows under a wide range of rainfall conditions. In some parts of 
Kenya annual rainfall is about 800 mm (Alègre, 1959), whereas in Costa Rica 
and in Mysore, India, it exceeds 2500 mm a year. Nevertheless, Alègre (1959) 
suggests that the optimum annual rainfall is 1200 to 1800 mm. Good seasonal 
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distribution of rainfall and short dry periods appear to favor growth of coffee. 
The dry period seems to be important for root growth, maturation of branches 
formed during the preceding rainy season, flower initiation, and ripening of 
fruits (Haarer, 1962, 1963). Nevertheless, Wellman (1961) stated that in regions 
without a definite dry season, as in Costa Rica, coffee grows as well as elsewhere. 
However, in Costa Rica distribution of rainfall is not uniform and temperature 
effects during the months of lowest rainfall should be taken into account 
(McFarlane, 1949). On the other hand, intensive rainfall throughout the year 
often is responsible for scattered harvests and low yields. Lack of a dry period 
can also limit coffee cultivation in low tropical rainy regions. 

Figure 1 shows the diverse climatic conditions of four coffee regions. The 
lower horizontal dotted line represents the minimum limit of mean tempera-
tures recommended by Alègre (1959) for the best development of coffee; the 
vertical dotted line represents the minimum rainfall for the driest month. The 
upper horizontal line represents the temperature above which net photosynthesis 
begins to decline (Nunes et al, 1968). In Ruiru (01°08'S), development of the 
coffee tree is controlled mainly by distribution of rainfall. In Turrialba (10°N), 
temperature and photoperiod appear to be most important, and in El Salvador 
(13°04

,
N), distribution of rainfall and photoperiod are controlling factors. In 

Fig. 1 Climatograms of four coffee regions in the world (Barros and 
Maestri, 1972). 
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Viçosa (20°45
,
S), temperature, rainfall, and photoperiod may be important 

factors. In El Salvador and Turrialba, mean temperatures are much higher than in 
Viçosa and Ruiru (Fig. 1). Curiously, in the first two localities coffee is raised 
under shade, and in the last two, in full sun. At temperatures above 24°C, the 
rate of net photosynthesis decreases. Hence, Barros and Maestri (1972) suggested 
that coffee should be shaded in regions of high average temperatures. Franco 
(1951, 1952) emphasized that overhead trees compete with coffee for available 
soil water. 

III. PHOTOSYNTHESIS AND PRODUCTIVITY 

Investigations on photosynthesis of coffee were summarized by Sylvain 
(1955b) and Cannell (1971c). The pioneer investigations of Nutman (1937a) 
stimulated much discussion and, as pointed out by Sylvain (1955b), often were 
incorrectly interpreted. Nutman (1937a) reported that the rate of photo-
synthesis of coffee in Tanzania varied directly with light intensity when it was 
low, but at high light intensity, the rate decreased. Nutman's conclusion that the 
assimilation rate was greater in moderate than in high light intensity, and that 
total daily assimilation was greater in the shade than in the sun, led to the 
erroneous interpretations cited by Sylvain (1955b). However, Nutman (1937c) 
was very cautious in extrapolating his results, obtained with individual leaves, to 
whole trees. 

The maximum rate of net photosynthesis as reported by Nutman (1937a) 
was 4.5 mg C 0 2 dm"

2
 h"

1
. This ranks coffee among the least efficient plants 

(Zelitch, 1971). Perhaps the most interesting feature of Nutman's (1937a) data 
was a midday decrease in photosynthesis that could not be explained by leaf 
water balance or accumulation of assimilates. Nutman (1937b) concluded that 
the midday decrease in photosynthesis could be explained by stomatal closure 
induced by direct action of sunlight on stomata and not by leaf water relations. 
He concluded that stomatal aperature was directly correlated with radiation 
intensity up to 0.7 cal cm"

2
 min"

1
 and inversely correlated at intensities above 

0.9 cal cm"
2
 min"

1
 . Alvim (1968) observed that stomatal opening increased 

gradually with light intensity up to about 20,000 lux and showed a sharp de-
crease at 60,000 and 90,000 lux. 

The separate effects of light and temperature were not evaluated by Nutman 
(1937a). As pointed out by Cannell (1971c), the leaves of Nutman's plants must 
have reached at least 30°C during sunny intervals, when net photosynthesis was 
very low. This did not happen in the study of Alvim (1968). However, since leaf 
temperature was not measured by Alvim, the possibility of a heating effect 
should not be ruled out. 
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Nunes et al (1968) found a maximum rate of photosynthesis about three 
times higher than the highest rate reported by Nutman (1937a). Nunes et al, 
however, showed that maximum photosynthesis could be attained when internal 
C 0 2 concentration was equal to zero (Figs. 2 and 3). This occurs only at 
temperatures below 24°C (Fig. 3), with light intensity higher than 0.15 cal cm"

2 

min"
1
, which normally occurs in the field. Above 24°C, internal C 0 2 concentra-

tion increases linearly at a rate of 20 ppm per °C. Maximum photosynthetic 
rates have lower values at temperatures above 24°C because of higher internal 
C 0 2 concentrations and higher total diffusive resistance. This last point is 
discussed later. Nunes et al (1968) suggested that the lower rates reported by 
Nutman (1937a) and Tio (1962) (Fig. 4) could be attributed to high leaf 
temperatures. 

Ever since Nutman (1937a,b) emphasized the role of stomata in photosyn-
thesis of coffee at high light intensities, attention was given to stomatal re-
sponses under different environmental conditions. Franco (1938), in Sao Paulo, 

0.04 0.08 0.12 0.16 0.20 0.24 0.28 0.32 

Light intensity (cal cm'*min*
1
) 

Fig. 2 The effect of light intensity under natural conditions on net photo-
synthesis of Coffea arabica at an external C 0 2 concentration of 300 ppm and 
internal C 0 2 concentration of 0 (filled circles), 70 (open-circles), and 180 
(triangles) ppm (Nunes et al, 1968). 
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Fig. 3 The effect of artificial light and temperature on the internal C 0 2 

concentration of Coffea arabica (Nunes et al, 1968). 

Brazil, made virtually the same observations as Nutman (1937b), namely that in 
cloudy weather or shade, the stomata remained open throughout the day, 
whereas on clear days they closed near midday and remained closed for the rest 
of the day. Alvim and Havis (1954), in Turrialba, Costa Rica, obtained data 
similar to those of Nutman and Franco, but they attributed stomatal closure 
during periods of high light intensity to leaf dehydration. Similar conclusions 
were reached by Maestri and Vieira (1958) in Brazil. They found that, during the 
dry season, stomata were almost completely closed during the day in both 
shaded and unshaded coffee trees. During the rainy season, stomata were fully 
open on cloudy days. On sunny days they began closing early in the morning 
and were almost completely closed by late afternoon. Shade had a minor effect 
on diurnal changes in stomatal aperture, suggesting that water stress might be the 
controlling factor. During the dry season, shade trees may compete with coffee 
for soil moisture (Franco, 1952), and this may be one cause of failure of coffee 
cultivation under trees in Brazil and Kenya. Nutman (1937b) had previously 
shown that drought induced early stomatal closure, but his observations were 
limited. 

Thoday (1938) suggested that insolation of coffee leaves might affect sto-
matal aperture by lowering the epidermal water content even though the leaf 
remained turgid. This was considered unlikely by Nutman (1938). Since loss of 
turgidity, as Nutman (1937b) contended and Bierhuizen et al (1969) demon-
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Fig. 4 Light saturation curve for Arabica coffee var. Bourbon (Tid, 1962). 

strated, was not the direct cause of stomatal closure in coffee under high light 
intensities, other explanations were sought. 

Heath and Orchard (1957) found that the C 0 2 content in intercellular spaces 
of coffee leaves increased logarithmically up to 30°C and then more rapidly to 
35°C. They suggested that the midday closure of stomata observed by Nutman 
(1973b) could be a temperature effect acting on intercellular space C 0 2 content. 
Nunes et al. (1968) found that for each degree of temperature above 24°C there 
was an increase of 20 ppm in internal C 0 2 concentration. This increase was 
accompanied by stomatal closure (Bierhuizen et al, 1969). Wormer (1965b) also 
found that temperature was inversely correlated with stomatal opening. 

The C 0 2 compensation point for coffee is not a fixed value. Working with 
detached leaves in continuous light of 8000 lux at 23°C, Jones and Mansfield 
(1970) observed an endogenous rhythm in compensation point. This rhythm was 
susceptible to phase shift and had a period of slightly more than 24 hours. They 
considered that measurements of the C 0 2 compensation point were most 
meaningful when determined near the middle of the normal photoperiod. This 
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corresponded to the lowest diurnal values which did not vary greatly from test 
to test. 

Few studies of productivity using growth analysis techniques have been 
carried out with coffee trees in the field. Huerta S. and Alvim (1962) reported 
that leaf area index (LAI) of 2- and 4-year-old trees of two cultivars under strip 
cultivation in Chinchinâ, Colombia, varied from 3.6 to 11. Cannell (1971b) 
studied seasonal production and distribution of dry matter in 3.5- to 5-year-old 
trees in Kenya. During the hot, dry season (January-February), net assimilation 
rate (EA) of deblossomed trees was very low (0.09 g dm"

2
 week"

1
 ) and then 

increased in the rainy season (0.13-0.14 g dm"
2
 week"

1
). During the cool, dry 

season (July-September), EA was as high as during the rainy season (0.13 g 
dm"

2
 week"

1
 ). The low values in the hot, dry season were attributed to high day 

temperatures as well as water stress. EA of fruiting trees was up to 0.19 g dm"
2 

week"
1
, when expressed on a leaf area basis, and up to 0.16 g dm"

2
 week"

1
 when 

total green surface area was included in the calculation. This was in contrast to 
0.13 g dm"

2
 week"

1
 in deblossomed trees. Significant correlations were found 

between EA of individual trees and the number of fruits they produced. 

Leaf area index of deblossomed trees, at a density of 6.5 m
2
 per tree, was 

0.8, 1.1, 1.4, and 2.2 for the cool-dry, short-rain, hot-dry, and long-rain 
periods, respectively. These values are much lower than those reported by 
Huerta S. and Alvim (1962). Apart from planting density, this difference may be 
due to the pruning system used in Kenya (Cannell, 1971b). The rate of dry 
matter production was, following the order given above, 0.45, 0.76, 0.53, and 
1.36 Χ 10

4
 kg ha"

1
 year"

1
, a pattern similar to that for growth of branches in 

Kenya (Fig. 5). Considering that the plants covered only one-third of the ground 
surface, and using the last value mentioned, productivity of coffee in a closed 
canopy compared favorably to that of other tropical plants (Cannell, 1971b). 
Huerta S. and Alvim (1962) reached a similar conclusion. Assuming EA to be 8 
mg dm"

2
 day"

1
 and LAI equal to 10, they calculated productivity to be about 30 

tons ha"
1
 year"

1
. This classifies coffee among the most productive plants. The 

assumption of closed canopy or high leaf area indexes seems unrealistic, how-
ever, because growth parameters change at high plant densities. 

A few determinations of net assimilation rate of seedlings of young coffee 
plants have been carried out under different climatic conditions (Alvim, 1953, 
1960; Huerta S., 1954; Castillo Z., 1961; Huerta S. and Alvim, 1962; Magalhäes, 
1964; Hollies, 1967a; Huxley, 1967; Silveira and Maestri, 1973). EA of coffee 
ranged from 0.11 to 0.32 g dm"

2
 week"

1
. Shade decreased EA in Costa Rica 

(Alvim, 1953; Huerta S., 1954), Peru (Alvim, 1960), and Colombia (Castillo Z., 
1961), but not in Viçosa, Brazil, although in the latter case the data did not 
show a definite trend (Silveira and Maestri, 1973). In Campinas, Brazil, 
Magalhäes (1964) observed an increase inEA as leaf area was reduced by cutting 
off part of each leaf, an affected attributed to better light distribution, implying 
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Fig. 5 Changes in the rate of extension of branches of Arabica coffee at 
the Coffee Research Station, Ruiru, redrawn after Rayner (1956-1959). The 
times of flowering and, for 1954-1956, the times of leaf fall are also shown. 
Note that growth is always rapid at the start of the long rains and always slow 
during the cool dry season (Cannell, 1971c). 

therefore, that shade is detrimental to photosynthesis. Age of plants, size of 
containers (Huerta S. and Alvim, 1962), soil fertility (Huerta S. 1954), and 
spacing (Huerta S. and Alvim, 1962) may account for some but not all the 
differences reported in the literature. 

The above values are considered low, when compared to 0.2-Ό.5 g dm"
2 

week"
1
 for temperate woody plants (see Sylvain, 1955b; Alvim, 1960;Kozlow-
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ski and Keller, 1966), but are well within the range of 0.09-0.34 g dm"
2
 week"

1 

found for other tropical perennials (Cannell, 1971b). 
Differences in net photosynthesis between species and varieties of Coffea 

were reported by Nunes et al. (1969). They also showed that light saturation 
occurred at approximately 0.11 cal cm"

2
 min"

1
, whereas net photosynthesis 

decreased with increasing temperatures above 20°C, but the high levels of 
photosynthesis reported earlier (Nunes et al, 1968; Bierhuizen et al, 1969) were 
not found. Their data suggested the possibility of selecting coffee for higher 
potential dry matter production in breeding programs. 

Under field conditions, coffee has a fairly low rate of net photosynthesis, as a 
result of high C 0 2 compensation point and high diffusive resistance of leaves. 
Leaf temperature and soil water availability appear to be the main factors 
involved. The physiological mechanisms underlying their action are, however, 
still to be determined. 

Decker and Tio (1959) showed that when coffee leaves were alternately 
illuminated and darkened, initial rates of intake or evolution of C 0 2 were 
momentarily high. They suggested that most of the photosynthate was immedi-
ately cancelled by photorespiration and, consequently, only a minor part re-
mained as net gain or dry-weight increment. The relative importance of respira-
tion and/or photorespiration still awaits evaluation, but it does appear to be 
important, decreasing net photosynthesis either directly by C 0 2 loss or in-
directly by increased overall resistance (Nunes et al.y 1968). 

Dark fixation of C 0 2 respired was suspected by Nunes et al. (1968). If this 
should be confirmed, some observations on photosynthesis of coffee plants and 
rhythmic autonomous stomatal movement may be explained (Nunes et al, 
1968). 

IV. VEGETATIVE GROWTH 

A. Leaf Initiation, Expansion, and Abscission 

Leaf production of coffee occurs throughout the year, but the rate varies 
with changes in climatic factors (Cannell, 1971a; Barros and Maestri, 1972). In 
Ruiru, Kenya, leaf growth occurs most rapidly during the wet season, with larger 
leaves produced than during the dry season (Cannell, 1971a). In Viçosa, Brazil, 
more leaves are produced on lateral branches in the hot, rainy season (October-
March) than in the dry, cool season (April-September). The rate of leaf expan-
sion, as well as final size of leaves follow a similar trend. Leaves that appeared in 
October reached an average area of 55 c m

2
, with a mean growth rate of 9.2 cm

2 

week"
1
 ; in January 27 cm

2
 and 4.5 cm

2
 week"

1
 ; in February 41 cm

2
 and 6.8 

cm
2
 week"

1
 ; and in June 9 cm

2
 and 0.9 cm

2
 week"

1
 (Barros and Maestri, 1974a). 
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A similar trend is shown in Fig. 6. Since there were no significant differences 
between irrigated and nonirrigated plants (Fig. 7), and both final leaf area and 
rate of leaf growth began to decrease in April when temperatures were still 
favorable, Barros and Maestri (1974a) attributed the effect mainly to shorter 
photoperiods (Figs. 6 and 7). The lower values for leaves which appeared in 
January were explained by high temperatures and solar radiation. Growth of 
leaves was completed in about 6 weeks, except for those appearing in June, 
which grew for approximately 10 weeks (Barros and Maestri, 1972). 

In South India, maximum leaf area, which was due to both leaf expansion 
and production of new leaves, was recorded in August-October. Thereafter, leaf 
area decreased because of leaf fall of prematurely and naturally yellowed leaves 
(Vasudeva, 1967). 

Gindel (1962) concluded that radiation and temperature were the main 
factors controlling leaf development of coffee in Israel. Even on the same plant, 
leaf area was low for trees exposed to prolonged and strong light. Leaves that 
appeared at the beginning and end of the growing season (May-November) were 
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Fig. 6 Growth curves of coffee leaves in various periods of the year. 
Leaves appeared at dates on upper left in each rectangle. Note the similar 
growth between leaves in irrigated and nonirrigated plots (Barros and Maestri, 
1972). 
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D a r t s 

Fig. 7 Rates of absolute growth of various parts of coffee plant in Viçosa, 
Minas Gérais, Brazil, from September 1970 through August 1971. Average per 
plot of 12 main branches, 24 primary branches, leaf area on primary branches, 
and of 12 trunk bases (Barros and Maestri, 1974a). 

the smallest; those appearing in June or July were the largest. The area of leaves 
produced in August was lower than that of leaves produced in preceding and 
succeeding months, and this was attributed to very high temperatures in August. 
Hollies (1967b), in Lyamungu, Tanzania, reported that leaf area increased 
progressively with artificial shade up to the maximum level tested (52%) and also 
varied with the season of leaf formation. 

Coffee seedlings in Viçosa, Brazil had most leaves and a greater total leaf area 
under approximately 50% shade, but the area of individual leaves increased with 
shade up to 75% (Maestri and Gomes, 1961; Silveira and Maestri, 1973). 
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Specific leaf area also increased linearly with shade over the range studied 
(0 -75% shade) (Silveira and Maestri, 1973). Similar results were obtained by 
Castillo Z. (1961) in Chinchinâ, Colombia. He found that the number of leaves 
per plant was significantly reduced under 75% shade, but total leaf area per plant 
was higher under 50% shade. In Turrialba, Costa Rica, coffee seedlings reacted 
differently, with the number of leaves per plant decreasing as shading was 
increased, but total leaf area per plant was unaffected by shading treatments 
(Alvim, 1953; Huerta S., 1954). Apparently, the area of individual leaves 
increased with the level of shade, thus compensating for reduction in leaf 
number. Similar results were obtained in Peru by Alvim (1960). 

It should be remembered that in shading experiments much more than the 
light intensity is changed. Soil, leaf and air temperatures, soil moisture, air 
humidity, and consequently water status of leaves may be altered at the same 
time. Hence, there are real difficulties in ascribing the effects of shading to light 
intensity changes alone. 

Nunes et al. (1968) concluded that temperature was more important than 
light in controlling leaf growth. The best growth occurred at a day/night 
temperature of 24°/20°C. Growth declined somewhat at a lower temperature 
(20°/12°C), and was only half as great at the highest temperatures used 
(32°/25°C). Light intensity had no significant effect. These results are in good 
agreement with photosynthetic responses. 

Alvim (1958) found that temperature of coffee leaves sometimes was as much 
as 20°C above air temperature. At Ruiru, Kenya, Cannell (1971c) measured 
temperatures near 40°C in leaves exposed to full sun. These observations, 
together with the findings of Nunes et al. (1968), support the observations of 
Gindel (1962) and Barros and Maestri (1974a) that inhibition of leaf growth 
occurs during the hot months. 

In greenhouse experiments total leaf area of coffee seedlings was greatly 
increased by nitrogen fertilizers when soil moisture content was high. When soil 
moisture content was low, the effect was less marked, especially when sodium 
nitrate was the fertilizer. Plants responded better to urea than to nitrate 
fertilizers (Bravo C. and Fernandez, 1964). 

In tropical climates, leaf abscission had been associated with distribution of 
rainfall and daylength (Alvim, 1964). Since coffee is an evergreen and grows 
more or less continuously, it does not normally lose all of its leaves at a specific 
time of year. Individual leaves have a life span of a few months to more than a 
year (Vasudeva, 1967). 

As may be seen in Fig. 5, coffee loses its leaves during droughts (Camargo 
and Telles, 1953; Alègre, 1959; Haarer, 1963; Gopal and Ramaiah, 1971). 
Haarer (1962) recommended that subsoils should have a certain water holding 
capacity throughout the year. In Campinas, Brazil, coffee trees had an average 
leaf area of approximately 32 m

2
 during the rainy season and only 12 m

2
 in the 
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dry season (Franco and Inforzato, 1950). Vasudeva (1967), on the other hand, 
attributed premature leaf fall of coffee in South India, during the postmonsoon 
dry period (October onward), to high temperature and light intensity. 

Leaf shedding undoubtedly conserves water during critical periods. According 
to Levitt's (1972) terminology, coffee is drought resistant through a drought 
avoidance mechanism. In addition, stomatal closure during drought (Maestri and 
Vieira, 1958; Bravo C. and Fernandez, 1964) helps to conserve water (Bier-
huizen et al., 1969). 

The life span of coffee leaves is greatly influenced by drought and high 
temperatures, which decrease leaf carbohydrate levels (Nunes et al., 1968; 
Bierhuizen et al., 1969). Because fruits are strong sinks for carbohydrates 
(Cannell, 1970, 1971a; Patel, 1970), the detrimental effects of drought and high 
temperature may be greatest during the fruiting or postharvest periods. Defolia-
tion and dieback diseases often have been associated with, or ascribed to, low 
carbohydrate reserves (Nutman, 1933; Thorold, 1945; Robinson and Bull, 1961; 
Burdekin and Baker, 1964; Janardhan et al, 1971; Clowes, 1973). 

B. Shoot Growth 

As pointed out by Went (1957), the coffee plant has a remarkable system of 
vegetative buds. The apical bud develops into an orthotropic shoot, which bears 
in its leaf axils, at first one and then (beginning at the eighth to tenth node) two 
types of buds (Carvalho et al, 1950). The primary axillary buds are dormant 
and usually develop only if the stem is decapitated or the plant is continuously 
exposed to temperatures above 30°C (Went, 1957). The larger bud, which 
appears a little later during seedling development, is located above the primary 
dormant bud, and gives rise to a plagiotropic shoot (primary lateral). The leaf 
axils of plagiotropic shoots have buds which may develop into plagiotropic 
shoots or inflorescences (Carvalho et al, 1950). A plagiotropic shoot almost 
never reverts to an orthotropic shoot and vice versa (Carvalho and Antunes 
Filho, 1952). Growth of lateral branches of coffee, similarly to leaves, exhibits a 
seasonal fluctuation that is related to climatic factors. 

In the area of Turrialba, Costa Rica, Boss (1958) observed minimum shoot 
growth from August to the first half of January, when temperatures were low 
and days were short. Rapid growth began in January and showed a double peak 
(March and July) (Fig. 8). The basic periodicity pattern was not altered by 
nitrate fertilization, rainfall, soil moisture, flowering, or fruiting. However, the 
rate of growth was higher in defruited or immature (nonflowering) trees, but no 
correlation was found between growth rate and rainfall or soil moisture. This is 
reasonable because the soils of Costa Rica have high water holding capacity 
(Franco, 1951). High rainfall in Costa Rica may be negatively correlated with 
growth (McFarlane, 1949). No apparent correlations were found between 



growth rate and temperature, especially considering the narrow range of varia-
tion in the Turrialba area. A decrease in growth rate in April-May was attributed 
to low rainfall in the preceding period (McFarlane, 1949). 

Newton (1952) did not detect a correlation between shoot growth and 
temperature or precipitation. He noted that in three years (1949-1951), in the 
Turrialba region, the maximum rate of growth occurred when daylength was 

263 Coffee 

Fig. 8 Seasonal pattern of shoot extension growth (curved lines) and 
times of flowering (arrows) of arabica coffee at Turrialba, Costa Rica. Data 
from McFarlane, 1948-1949 (1949), Boss, 1949-1950 (1952), and Newton, 
1951-1952 (1952) (Cannell, 1972). 
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increasing (McFarlane, 1949; Boss, 1958; Newton, 1952). Cannell (1972) com-
pared the Turrialba studies of McFarlane, Boss, and Newton (Fig. 8) and 
concluded that it was unlikely that coffee trees responded to an annual fluctua-
tion in daylength of only 1 hour and 10 minutes. 

Most growth of coffee trees in Santa Tecla, El Salvador occurred during the 
rainy season, although the growth cycle began in January, more than three 
months before the onset of rains (Reeves and Vilanova, 1948). Maximum growth 
rates occurred in May and the first half of June and a rapid decline occurred 
thereafter, when precipitation was at a maximum. A secondary growth peak 
occurred in July, followed by a gradual decrease from August through Decem-
ber. Although this decline was correlated with decreasing rainfall, it could not be 
entirely explained by soil moisture stress. In fact, the soils of Santa Tacla still 
have large amounts of available water even after 4 months of scanty rainfall 
(Franco, 1951). 

In Kenya (Fig. 5) and Tanzania (Wakefield, 1933), where two wet and two 
dry seasons occur, growth is correlated with distribution of rainfall. Shoots grow 
slowly during the cool, dry season (Rayner, 1946). 

Although coffee shoots grow more or less continuously in Central Colombia, 
two seasons of rapid shoot growth are recognized (March-May and August-
September). Both of these are also flowering seasons (Suârez de Castro and 
Rodriguez G., 1956). Least growth occurs during a two-month rainy period 
during November and December. A relationship between maximum and mini-
mum growth and sum of mean hourly temperature has been reported (Suârez de 
Castro and Rodriguez G., 1956). Similar observations were made by Castillo Z. 
(1957). A significantly high correlation was found only with high temperatures 
above 20°C, recorded 3 -4 weeks before the growth measurements. 

In Viçosa, Brazil, growth of main and lateral shoots is rapid during the rainy, 
warm season (September-March) and slow during the dry, cool season (March-
September) (Barros and Maestri, 1972, 1974a). A slight decrease in growth rate 
occurs in January-February, probably because temperatures are the highest of 
the year. Since regular irrigation during the dry season did not influence either 
the pattern or rate of growth (Fig. 6), Barros and Maestri (1974a) concluded 
that moisture supply had an effect only during the season of rapid growth and 
that the lowered growth rate was induced by decreasing daylength. 

In the coffee growing areas of Rhodesia, which have a climate similar to that 
of Viçosa, Brazil, shoot growth occurs primarily during the rainy season (Clowes 
and Wilson, 1974). 

In South India, after a period of inactivity during the dry, cool season 
(November-March), shoot growth of coffee begins with an increase in tempera-
ture, even without rain (Mayne, 1944; Rayner, 1946). The rate of growth is 
highest during the rainy, hot season (March-June). Growth almost stops during 
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much of the southwest monsoon season (June-July), and resumes by the end 
of the season (August). Growth is then continuous to the end of the north-
east monsoon season (September-December). A decrease in growth by the 
end of May and beginning of June has been attributed to the competition of 
reproductive growth (Mayne, 1944), leaching of nitrates (high rainfall) (Rayner, 
1946), and excess soil moisture. 

The brief review given here indicates that several factors are implicated in 
explaining growth periodicity of coffee in various regions. These include 
drought, temperature, photoperiod, excess soil water, leaching of nitrates by 
high rainfall, and reproductive growth (Sylvain, 1958). 

Some investigators associate the decrease in growth after heavy rains with 
nitrogen deficiency (Saunders and Wakefield, 1932; Trench and Beckley, 1935; 
Rayner, 1946; McFarlane, 1949). According to Boss (1958), soil nitrate content 
fluctuates markedly but does not appear to inhibit growth at any time in 
Turrialba, Costa Rica. He found considerable leaching of nitrates by heavy rains 
in November and December. Although nitrate content is negatively correlated 
with rainfall, nitrate-fertilized trees do not show significantly increased growth 
or altered growth pattern. By comparison, Montoya et al (1961) found that high 
levels of urea nitrogen stimulate shoot growth of coffee in Turrialba. Possibly 
urea remains longer than nitrate in the root zone. 

Periodicity in growth of coffee has been correlated with drought in several 
regions, including Ruiru, Kenya (Rayner, 1946), Tanzania (Saunders and Wake-
field, 1932; Wakefield, 1933), Santa Tecla, El Salvador (Reeves and Vilanova, 
1948), Rhodesia (Clowes and Wilson, 1974), and Viçosa, Brazil (Barros and 
Maestri, 1974a). However, in some cases, the dry seasons coincide with periods 
of low temperatures and short days (Mayne, 1944; Rayner, 1946; Barros and 
Maestri, 1974a; Clowes and Wilson, 1974), making it difficult to identify a single 
growth controlling factor. Drought may not be the primary factor regulating the 
growth rhythm of coffee in Viçosa, Brazil, because irrigation did not alter the 
pattern or rate of growth (Figs. 6 and 7) (Barros and Maestri, 1972, 1974a). In 
Kenya (Fig. 5) and Colombia, where daylength changes little throughout the 
year (Trojer, 1968; Cannell, 1972), rainfall and temperature appear to have an 
important effect on growth of coffee. However, the observations of Rayner 
(1946) that growth of irrigated trees continued to decrease during an extended 
drought in Kenya and by Suârez de Castro and Rodriguez G. (1956), in 
Colombia, that least growth occurred during a rainy period of two months, 
suggest that temperature may be the major growth controlling factor. In fact, in 
Colombia most growth occurs during the 3 months of highest sums of mean 
temperature, and least growth occurs during the 2 months of lowest tempera-
ture sums (Suârez de Castro and Rodriguez G., 1956). Castillo Z. (1957), 
however, found that growth was significantly correlated only with night tern-



266 Moacyr Maestri and Raimundo Santos Barros 

peratures above 20°C, recorded 3 -4 weeks before the growth measurements 
were taken. 

Coffee is very sensitive to climatic and soil conditions that induce high leaf 
temperatures (Bierhuizen et ai, 1969). Barros and Maestri (1974a) attributed a 
temporary decline in growth of lateral shoots in January-February (Fig. 7) to 
high temperatures. Similar responses were observed in irrigated trees. 

The effect of root temperature on shoot growth has received little attention. 
Franco (1958) found that 26°/20°C was the best day/night root temperature 
combination for height growth of seedlings and dry matter accumulation in 
roots and shoots. Either continuous or alternating lower and higher tempera-
tures had an inhibitory or even lethal (above 33°C) effect. 

Boss (1958) called attention to the fact that flowering and vegetative growth 
of coffee generally occur at the time of year when daylength begins to increase 
on both sides of the equator. Very near the equator coffee shows periodic 
growth and flowering. 

Barros and Maestri (1974a) suggested that daylength was involved in the 
decrease in growth rate which starts in the middle of March in Viçosa, Brazil 
(Fig. 7). They noted that least growth occurs in June-August when daylength is 
about 11 hours and maximum growth when daylength is greater than 12 hours. 
They also suggested that the low temperatures of June-August may prepare the 
plant for growth, which starts in September. Piringer and Borthwick (1955) had 
previously reported that lateral shoots of plants exposed to long days tended to 
be longer than those on short days. Cannell (1972) questioned the controlling 
role of daylength on seasonal growth and flowering of coffee. However, he 
added that changes in temperature and rainfall may condition responses of 
coffee trees to changing photoperiods. A conditioning effect of low temperature 
was also postulated by Barros and Maestri (1972). 

Relations between vegetative and reproductive growth are not fully under-
stood. In South India rapid expanion of fruits alternated with rapid vegetative 
growth (Mayne, 1944). McFarlane (1949) attributed the vegetative growth 
rhythm of coffee in the Turrialba area to setting and expansion of fruits. 
However, Boss (1958) showed that removal of fruits did not change growth 
periodicity, even though the growth rate was greater in defruited trees. Accord-
ing to McFarlane (1949), W. H. Cowgill found in Guatemala that fastest shoot 
growth occurs at the same time that fruits grow rapidly. This also is true in 
Viçosa, Brazil (R. S. Barros and M. Maestri, unpublished observation). 

The relative size of the shoot tips, fruits, and trunk-root system as sinks for 
assimilates varied seasonally in Kenya (Cannell and Huxley, 1969). Expanding 
fruits are the major sink for photosynthate and hence limit the amounts 
mobilized by vegetative tissues (Cannell, 1971a). An increase in net assimilation 
rate of fruiting trees more than compensates for the smaller leaf area (Cannell, 
1971a). Although growth of vegetative tissues is reduced by the presence of 
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fruits (Cannell, 1971b), the seasonal pattern of growth is not altered (Cannell 
and Huxley, 1969; Cannell, 1971b). 

Flowering occurs just before or simultaneously with period(s) of maximum 
growth of lateral shoots in several regions (Wakefield, 1933; Dean, 1939; 
Rayner, 1946; Suârez de Castro and Rodriguez G., 1956; Clowes and Wilson, 
1974) (Fig. 5). The effect of flowering on vegetative growth has not been 
adequately studied. 

C. Stem and Root Growth 

The morphology and distribution of the root system of coffee in different 
soil types have been studied by several investigators. References for early studies 
can be found in Säiz del Rio et al (1961) and Bull (1963). However, periodicity 
of root growth, as affected by climatic and edaphic factors, has received little 
attention. 

Saunders and Wakefield (1932) and Wakefield (1933) noted that surface 
rootlets of coffee in Tanzania showed two periods of rapid growth (May-July 
and January-March). As these periods coincided with dry periods, growth 
periodicity was ascribed to accumulation and production of nitrates in the soil. 
However, no evidence was given to support this contention. 

In Ruiru, Kenya, the trunk-root system was a relatively important sink 
during the dry seasons, importing photosynthate from nonfruiting and even 
sometimes from fruiting branches (Cannell and Huxley, 1969; Cannel, 1971a). 

In Tanzania (Bull, 1963), irrigation brought about a reduction of tap root 
penetration and development of the primary and secondary roots in the deeper 
layers of the soil profile. 

Franco (1958) studied growth of roots and tops of coffee seedlings under 
controlled conditions at several root temperatures (continuous or alternate). 
Best growth, as measured by dry matter accumulation, was found with a 
combination of 26°/20°C day/night temperatures. Top/root ratios were lower 
under the below "normal" (26°/20°C) treatment, and higher at temperatures 
above "normal." Within the range of 13° to 33°C, low temperatures appeared to 
have an indirect effect on root growth, and high temperatures a more direct 
effect. Franco (1974) and Magalhäes (1974) partly supported this view. Phos-
phorus uptake was inhibited at high temperature (Franco, 1974), even if expo-
sure was for short periods of up to 2 hours a day at a somewhat higher 
temperature (45°C). Plant response was explained as a direct detrimental effect 
on root activity (Magalhäes, 1974). 

Gindel (1962) reported seasonal periodicity of cambial growth of coffee in 
Israel. In Viçosa, Brazil, cambial growth began in October and continued to 
June; no measurable growth was detected from July through September. 
Higher growth rates occurred from the end of December to mid March, simulta-
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neously with a temporary inhibition of growth of lateral shoots (Barros and 
Maestri, 1974a,b) (Figs. 7 and 9). These observations are in accord with those of 
Cannell (1971b) who established the following order of sink strength: leaves > 
branches > root system > trunk. 

Both high and low temperatures cause injury to coffee stems. Even before 
visible injury occurs, extreme temperatures may affect growth of both roots and 
tops by impeding translocation, as in other species (Crafts and Crisp, 1971). 
Plants grown under controlled conditions with 30°/30°C or 30°/23°C day/night 
temperatures developed small tumors at the base of the stem (Franco, 1958). 
Lesions at the stem collar, which appear during the summer in Brazil in young 
coffee plants in the field, can be induced by localized treatments with high 
temperatures of 45°C or above (Franco, 1961). In Brazil, soil surface tempera-
tures reached 45°-51°C in the summer (Franco, 1961). 

"Strangulation" of the lower part of the stem that appears in young coffee 
plants during very cold winters in southern Brazil was reproduced experimen-
tally by low temperatures (Drummond and Costa, 1952; Franco, 1960; Rossetti 
et al, 1960). Temperatures as high as 11°C caused such injury (Rossetti et αί, 
1960). 

It would be interesting to know how extreme temperatures affect phloem 
translocation in coffee seedlings and what the implications of these effects are 
on need for shade for best growth of young plants, as found in some places. 

Sep Oct Dec Feb Apr Jun Aug 
03 Ol 29 262421 18 18 15 13 10 0 8 0 5 0 2 

D a t e s 

Fig. 9 Rates of growth of coffee trunk (average of 24 trunks) as compared 
with growth of lateral branches and leaf area on these branches in Viçosa, 
Minas Gérais, Brazil. This figure was drawn for a better understanding of Fig. 
7 (Barros and Maestri, 1974b). 
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V. REPRODUCTIVE GROWTH 

A. Flowering 

Flowering in coffee has been reviewed by Alvim (1973) and only a few 
additional comments will be made. 

Cannell (1972) investigated photoperiodic responses of mature coffee trees 
in Kenya by extending the "natural" short photoperiod (12 hours) to over 15 
hours, or by interrupting the night by 15 minutes or 3 hours. In one out of three 
cases the treated plants appeared to retain the short-day stimulus for floral 
induction for at least 6 months (the natural photoperiod is always inductive in 
Kenya). Only thereafter did the plants tend to respond to long days, i.e., they 
initiated flowers more slowly and extended their branches faster than untreated 
trees. However, the response was much weaker than that reported for seedlings 
(Piringer and Borthwick, 1955). Hence, Cannell (1972) suggested that seasonal 
changes in growth and floral development of adult trees in most coffee growing 
areas of the world are regulated by factors other than photoperiod. He also 
suggested that in Turrialba, for example, flowering could be associated with a 
preceding relatively cool period as shown in Fig. 8. However, since Turrialba 
has a very narrow temperature range (Fig. 8), the temperature effect on flowering 
is difficult to understand. It would be interesting to study photoperiodic 
sensitivity of coffee trees at higher latitudes, where the seasonal changes in 
photoperiod are greater. Cannell (1972) suggested that responses of trees to 
changing daylength may be conditioned by fluctuations in temperature and 
rainfall. Wormer and Gituanja (1970a) had previously noted that the rate of 
floral differentiation in Kenya was highest in the cool months and also pro-
ceeded without interruption for a considerable time at Marianne where tempera-
tures are lower than in Ruiru. Temperature might, therefore, be an important 
factor in floral differentiation. Incidentally, in the areas east of Rift Valley, 
Kenya, two main growth flushes and flowering periods occur, coinciding with 
the first half of each of the two wet seasons. Floral initiation begins some time 
before the terminal bud of lateral branches enters a period of quiescence 
(Wormer and Gituanja, 1970a,b). 

Browning (1973) concluded that release of flower bud dormancy is con-
trolled by hormones. After dormancy was broken by rain or irrigation, gibberel-
lin content of buds increased rapidly, whereas it was not altered in the xylem sap. 
Bud gibberellins began to decrease as soon as rapid growth was under way. 
Absolute levels of abscisic acid did not change until four days before anthesis, 
and they increased thereafter. Browning (1973) suggested that resumption of 
growth leading to anthesis may be regulated by liberation of free gibberellins 
from a bound form in the buds. In view of the role played by water stress on 
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release of bud dormancy, Browning acknowledged that a second xylem-trans-
ported stimulus, possibly a cytokinin, might also be involved. 

After release of dormancy of flower buds by rain, the starch content of the 
corolla increased until 9 days before anthesis. Thereafter it decreased, slowly at 
first and then sharply beginning on the fourth day before anthesis. Sugars 
increased steadily until blooming (Croope et al, 1970). Starch grains almost 
disappeared from the open corolla (Maestri et al, 1970). It may be that starch in 
the corolla is associated with changes in gibberellin level, as reported by Brown-
ing (1973). Apparently bud growth involves two distinct metabolic phases, one 
characterized by starch accumulation and the other by starch hydrolysis (Croope 
et al, 1970). 

Frederico and Maestri (1970) and Gopal and Vasudeva (1973) studied growth 
of flower buds in Minas Gérais (Brazil) and South India. Flower buds were larger 
and heavier in South India than in Brazil. Greater availability of soil moisture 
and higher air temperatures in South India, as well as differences in varieties, 
may explain these discrepancies. 

B. Fruiting 

Growth curves of coffee fruits show a double sigmoid shape (Leon and 
Fournier, 1962; Gindel, 1962; Wormer, 1964; Ramaiah and Vasudeva, 1969; 
Cannell, 197Id). Figure 10 shows fruit growth curves of five cultivars of coffee. 
At first growth is negligible. This is followed by a period of rapid growth until 
the green berry approaches its final size. An extended period of arrested growth 
follows and lasts until the fruit begins to ripen. Finally growth is resumed and 
the berry enlarges rapidly. Wormer (1964) and Cannell (1971d) added another 
period, during which dry weight of the fruit increased regularly while fresh 
weight increased little. They divided fruit growth into five stages: (1) "pin-head" 
stage, (2) rapid swelling stage, (3) stage of suspended and slow growth, (4) 
endosperm filling stage, and (5) ripe stage. 

The rate of respiration of the pericarp and seed of developing fruits decreases 
greatly with age, even though oxygen uptake per fruit does not change. The 
respiration rate of the pericarp, during and after ripening, was higher than before 
ripening. Fruits in the pin-head stage have high respiration rates and should not 
be regarded as dormant (Cannell, 1971a). 

In Kenya, final size of the bean depended greatly on rainfall 4 -6 months 
before picking (10-17 weeks after blooming) (Cannell, 1971a). This period 
corresponded to the stage of rapid expansion of the berry after which the 
endocarp hardened (Leon and Fournier, 1962). Thereafter the seeds could not 
increase in size, because of the mechanical constraint imposed by the hard 
endocarp (Leon and Fournier, 1962). The size attained by the locules at that 
time determined the potential size of the bean (Wormer, 1966). In Kenya, the 
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Fig. 10 Growth curves of coffee fruit length in five varieties (Leon and 
Fournier, 1962). 

only cultural practices that increased bean size were irrigation and mulching, 
both of which improved the water balance of trees (Cannell, 197 Id). 

Cannell and Huxley (1969) showed that C 0 2 labeled assimilates move pref-
erentially into fruits without modifying the overall seasonal pattern of transloca-
tion. Cannell (1971a) measured dry-weight changes in defoliated and ring-barked 
shoots, and concluded that carbohydrates are imported by heavily fruiting 
branches at the time of rapid fruit expansion. This excess carbohydrate supply 
enables the branches to produce more leaves and retain more fruits than similar 
branches that are ring-barked at the base. Small lateral shoots also contribute 
largely to fruit growth, especially when the fruiting branches have many fruits and 
there are only few lateral shoots (Cannell, 1970). Whereas growing fruits are 
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strong sinks and monopolize available carbohydrates, they also stimulate photo-
synthesis (Cannell, 1971b). Furthermore green berries have stomata (Dedec-
ca, 1958) and may synthesize some carbohydrates. However, the photosynthetic 
contribution of developing fruits to their own development is small (Cannell, 
1971b). 

Several investigators noted a relation between carbohydrate reserves and fruit 
growth (Cooil and Nakayama, 1953; Wormer and Egabole, 1965;Patel, 1970; 
Janardhan et ai, 1971). Fruits continued to grow even after complete with-
drawal of starch from the wood, suggesting that the growing crop might first 
mobilize carbohydrates from the wood and then from the leaves (Wormer and 
Egabole, 1965). However, Patel (1970) and Janardhan et al (1971) found that 
developing fruits withdraw starch from the wood and leaves concurrently. 

The starch content of leaves appears to be a good index of carbohydrate 
economy of trees. Cooil and Nakayama (1953) observed that yield in the current 
year is small if carbohydrate reserves are low during flowering and early fruit 
growth. Patel (1970) found that crop yield correlates better with starch content 
of leaves than that of wood. 

Physiological disorders, such as "overbearing dieback" in Kenya (Wormer, 
1965a), "Lyamungu dieback" in Tanzania (Burdekin and Baker, 1964), and 
"debility growth" in Tanzania (Robinson and Bull, 1961), have been attributed 
to low starch reserves associated with heavy cropping and other conditions 
leading to carbohydrate deficiency. 

Fruit shedding in coffee usually occurs 8 to 12 weeks after flowering, when 
the berries are in the first month of rapid expansion (Montoya and Sylvain, 
1962; Huxley and Ismail, 1969). Fruits may also be shed later if the carbo-
hydrate supplies are exceptionally low (Cannell, 1971a). However, Gopal's 
(1971) observation that 2,4-D or 2,4,5-T sprays reduce fruit drop suggests that 
hormonal controls are also involved. 

VI. CONCLUSIONS 

Basic information on physiology of coffee is essential for increasing crop 
yield (Huxley, 1970). Little is known and much more research is necessary. 

Although coffee is classified as a C 3 plant and appears to exhibit photo-
respiration (Decker and Tio, 1959; Heath and Orchard, 1957; Nunes et al.y 1968, 
1969), the origin of the C 0 2 which increases in the leaf mesophyll in response to 
high temperatures is in doubt. Under field conditions, high temperatures coin-
cide with high light intensities (Barros and Maestri, 1972), thus complicating the 
problem. 

High temperature, high light intensities, and dry periods reduce shoot growth 
of the coffee tree in favor of the trunk-root system (Cannell, 1971a; Cannell 
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and Huxley, 1969; Barros and Maestri, 1974b). The relative strengths of meta-

bolic sinks appear to be controlled by hormones. However, little specific infor-

mation is available on levels or kinds of hormones involved and their effects in 

response to climatic changes. 

Much research is needed on flower initiation and release of flower buds from 

dormancy. Coffee apparently is a short-day plant (Franco, 1940; Piringer and 

Borthwick, 1955; Went, 1957). The work of Cannell (1972) with adult plants 

under field conditions has modified somewhat this point of view. Such work 

should be repeated with adult plants under controlled environmental conditions. 

A very important question to be answered is why a drought period is necessary for 

release of flower bud dormancy (Alvim, 1958; Browning et al, 1970) when 

inhibitor levels increase with the advancement of the dry period and the level of 

promoters (Browning, 1973) in buds increases only after the first rains. Research 

is also needed on the physiology of biennial bearing and fruit set after pollina-

tion. Answers to these and many other questions would contribute enormously 

to plant breeding and management programs so as to improve coffee yields. 
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In characterizing appropriate environmental regimes for growth of cacao 
(Theobroma cacao L.), some information on climate and soils of representative 
producing areas, as well as the origin and distribution of the species, is reviewed 
briefly. This is followed by a discussion of the physiological determinants of 
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yield and effects of environmental factors on vegetative and reproductive growth 
of cacao. 

II. ORIGIN AND DISTRIBUTION 

Cacao is a native species of the rain forest regions of tropical America. Its 
origin is believed to be the headwaters of the Amazon basin, where Theobroma 
and related genera are found in greater proportion than elsewhere (Cuatrecasas, 
1964). From its center of origin, the species spread mostly in two directions, 
resulting in the two primary groups of cultivars known as "criollo" and "foras-
tero." The former originated from dispersion across the Andes toward the 
lowlands of Venezuela, Colombia, and Ecuador, and northward to Central 
America and Mexico. The latter resulted from dispersion down the Amazon 
valley toward northern Brazil and the Guianas. Over 95% of the current world 
production of cacao is of forastero origin and comes mainly from the West 
African countries and Brazil. 

As a typical crop of the humid tropics cacao is commercially grown within a 
fairly narrow belt about 15°N and 15°S from the equator. Exceptionally, some 
small producing areas are found in subtropical latitudes as, for instance, in the 
lowlands of the state of Säo Paulo, Brazil, at 23°-25°S. 

As a rule, cacao is grown at relatively low altitudes, usually below 300 m. 
However, in places near the equator, plantings are sometimes found at fairly high 
elevations, as for instance in some regions of Colombia (1000-1200 m), in the 
Chama valley of Venezuela (900 m), and in Uganda (1100-1300 m). 

Important developments in cacao production began about a century ago, 
mainly in Ecuador and in the state of Bahia, Brazil (where cacao was introduced 
from the Amazon region in 1746). Following introduction to the West African 
countries, world production of cacao increased very rapidly from about 100,000 
tons at the beginning of the 20th century to the 1.4-1.5 million tons presently 
produced. About 85% of this amount is produced by the following countries: 
Ghana (25%), Brazil (17%), Nigeria (15%), Ivory Coast (13%), Camaroon (7%), 
Ecuador (4%), Dominican Republic (2%), and Papua and New Guinea (2%). The 
remaining 15% comes from about 30 different countries. 

ΙΠ. CLIMATE 

In defining a suitable climate for cacao, reference is usually made to tempera-
ture and rainfall, generally considered to be the most critical climatic factors for 
growth. In some areas wind is troublesome and deserves very careful attention. 
Solar radiation and relative humidity obviously affect many physiological pro-
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cesses of the plant, but are not generally thought to play such an important role 
as the previously mentioned factors in defining ecological limitations for the 
crop. 

It is worth pointing out that the traditional practice of growing cacao under 
the shade of larger trees greatly modifies the microclimate inside the planta-
tion, particularly with regard to solar radiation, air turbulence, and relative 
humidity. For this reason it is convenient to discuss the problem of shading 
together with a review of climate, although it should be recognized that soil 
factors, mineral nutrition, and disease and insect incidence must also receive 
careful attention when studying the effect of shade on cacao yield. 

A. Temperature 

Mean monthly temperatures of representative cacao growing areas are shown 
in Fig. 1. The annual means vary from 22.4° to 26.7°C and the monthly averages 
vary from 18.8°C in the coldest areas (Pariquera Açu) to 27.9°C in the warmest 
regions (Manaus). 

Ernholm (1948) concluded that the lower limits for successful growth of 
cacao are a mean monthly minimum temperature of 15°C and an absolute 
minimum of 10°C. These extreme temperatures are frequently mentioned in the 
literature as factors which define the limits of altitude and latitude for the crop. 
There is, however, no experimental evidence indicating that cacao will not 
tolerate such temperature limits. In fact, in the small areas planted with cacao in 
the State of Sâo Paulo, Brazil, for example, where the mean annual temperature 
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Fig. 1 Amplitude and mean annual temperature of different cacao grow-
ing areas. The indicated ranges show the months with the lowest and highest 
mean monthly temperature as well as the annual mean (middle mark). 
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Annual rainfall in cacao growing regions generally exceeds annual water loss 
by évapotranspiration. As a rule, the annual rainfall varies from 1 4 0 0 to 2 0 0 0 

mm in most regions. When rainfall exceeds 2 5 0 0 - 3 0 0 0 mm, yield is reduced 
because of soil waterlogging part of the year and/or high incidence of disease, 
especially black pod caused by Phytophthora palmivora. In places where rainfall 
is less than 1 2 0 0 mm cacao can only be grown successfully when irrigation is 
used (as in the small valleys of northern Venezuela where the rainfall is 7 0 0 - 8 0 0 

B. Rainfall 

where TV is the number of days to maturity, and Τ is daily mean temperature 
after the date of pollination. 

Figure 2 gives the estimated number of days from pollination to harvest for 
fruits set at different periods of the year calculated on the basis of the above 
equation, using the mean temperature values for Uruçuca, Bahia. 

Temperature also affects chemical and physical characteristics of cacao butter. 
Relatively low mean temperatures during early stages of fruit development result 
in a high proportion of unsaturated fatty acids in seeds and consequently low 
melting points of cacao butter (Berbert and Alvim, 1972; Berbert, 1976). 

7 V = 2 5 0 0 / ( r - 9 ) 

is about 22.5°C, the absolute minimum often drops to 4°-6°C and the mean 
monthly minimum during the coldest month reaches about 10°C. As with most 
plants, actual damage by low temperature appears to occur only when freezing 
takes place, as I had the opportunity to observe in an experimental cacao plot in 
Ribeiräo Preto, State of Säo Paulo, in 1965, following a temperature drop to 
-3°C. Leaf scorch and drying out of all flowers were the main symptoms 
observed. The plants, however, were not irreversibly damaged by frost, and 
recovery took place after about two months. The main effect of relatively low 
temperatures appears to be reflected in the rate of vegetative growth (Alvim et 
ai, 1969; Sale, 1969b), fruit development, and to a lesser extent, flowering 
intensity (Sale, 1969a). The influence on fruit development is clearly observed in 
places where seasonal differences in temperature occur. In Bahia, Brazil, for 
example, the interval between fertilizing the flower and harvesting the mature 
fruits varies in accordance with the prevailing temperature during the pod 
growing period. Fruits of the "temporäo" crop, which develop during the 
warmer months (harvested between April to August), mature in 140-175 days, 
whereas fruits of the "safra" crop (harvested between September and January) 
need 167-205 days to mature. For the Catongo cultivar in Bahia, the following 
empirical formula has been used in calculating the mean number of days 
between fruit setting and harvesting: 
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Fig. 2 Theoretical periods between fruit setting (pollination) and harvest, 
expressed in days, as a function of date of pollination. Dates on the curve were 
calculated on the assumption that pollination occurred on the first day of each 
month. In Bahia, as a rule, there is no crop between mid January and mid 
April. (From Alvim et al, 1972.) 

mm), or in places where the ground water table is relatively high (as appears to 
be the case in some alluvial soils of the state of Espirito Santo, Brazil where the 
rainfall is 1000-1100 mm). 

Rainfall distribution varies greatly from region to region and is the main 
factor responsible for differences in cropping patterns. As seen in Fig. 3, most 
cacao producing areas have between 3 and 5 months during which water loss 
exceeds average precipitation; others, such as Itabuna and Uruçuca,have practi-
cally no dry season. In the West African countries, where the dry season is 
relatively long, about 80% of the crop is harvested within a relatively short time, 
usually 2 -3 months. In Bahia, Brazil, harvesting is more evenly distributed 
through the year, usually extending over a period of 8-10 months, but varying 
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SCALE 

Fig. 3 Monthly values (mm) for rainfall (solid line) and potential évapo-
transpiration (dotted line) in different cacao producing areas, indicating 
periods of moisture deficit and excess. 

from year to year following changes in the rainfall pattern. The effect of rainfall 
distribution on cacao is discussed further when physiological responses to cli-
matic factors are considered. 

C. Wind 

Cacao is very wind sensitive and, in areas exposed to frequent breezes, cannot 
be grown without wind breaks. Wind breaks are commonly used, for example, in 
Grenada and other cacao producing islands of the West Indies, particularly in 
places relatively near the coast where strong winds are frequent. In these areas 
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the trees most frequently recommended as wind breaks are mango (Mangifera 
indicà) and Malacca apple (Syzygiwn malaccensis). The main effect of excessive 
wind is to cause defoliation or premature leaf fall, presumably because of 
excessive water loss and/or mechanical injury. In Brazil frequent defoliation by 
wind occurs in Linhares, Espirito Santo, particularly when cacao is grown 
without or with little shade, but in the nearby valley of Colatina which is 
protected by mountains, cacao has been under cultivation without shade for 
several years and defoliation does not occur. Annual rainfall is about the same in 
both places (1200-1300 mm), but in Colatina the mean wind speed is 1 m/sec 
compared with 4 m/sec in Linhares. 

In some parts of Ghana and western Nigeria cacao yield is reduced by dry 
"harmattan" winds, which blow from the Sahara Desert between December and 
March. The duration and intensity of this wind vary from place to place, and are 
important factors in determining cacao productivity. 

D. Shading 

In most cacao areas it is virtually impossible to start a cacao field without 
shading the young plants during the first 2 -3 years. This fact has been inter-
preted as an indication that cacao behaves as a true shade-loving species in its 
early stages of development. It has been demonstrated, however, that when even 
mild moisture stress is avoided by continuous watering, even very young seed-
lings can thrive in the absence of shade (Cunningham and Burridge, 1960). In 
places with very low light intensity or low potential évapotranspiration, as in 
some regions of Ecuador, or in areas exceptionally well protected against wind, 
as in the Colatina valley of Espirito Santo, Brazil, it has been possible to 
establish cacao plantation without shading the young plants. These, however, are 
exceptional cases. 

Some recent studies in Bahia (Alvim et al, 191 A) have shown that the bene-
ficial effect of early shading is due not only to reduced exposure to solar 
radiation but also to reduced air movement around the young plants, with 
both factors contributing to prevent plant moisture stress. This was demon-
strated in an experiment with seedlings about 4 months old transplanted to an 
unshaded area and submitted to three treatments: (a) control plants fully 
exposed to sunlight and without any protection against wind, (b) lateral protec-
tion against wind provided by vertical clear plastic sheets, and (c) the same as 
" b " but using black plastic sheets. Although severe defoliation occurred in all 
plants during the first 2 months, presumably due to absence of overhead shade, 
control plants were virtually decimated, whereas plants protected by the verti-
cally oriented plastic sheets refoliated well. The black plastic sheets were more 
effective than clear ones in preventing leaf fall (Fig. 4). 

After passing the juvenile stage, or when the leaf canopy is sufficiently 
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SOIL FERTILITY 

Fig. 5 Interacting effects of soil fertility and shade on yield of cacao pods. 
(From Alvim, 1972.) 

Fig. 4 Effect of black and clear plastic "wind breaks" on leaf area and 
percentage of dead seedlings, following transplanting to an unshaded site. 
(From P. de T. Alvim et al, 1974.) 
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developed to provide some self-shading, cacao production is usually higher 
with little or no shade than when plants are shded (Murray, 1957; Alvim, 1960a; 
Cunningham and Arnold, 1962). Because of the yield increase, which is an 
indication of higher photosynthetic activity, the nutrient requirement of cacao 
also increases when overhead shade is not used (Evans and Murray, 1953; 
Murray 1957). For this reason, fertilizers usually are necessary in unshaded 
plantings, except in unusual situations where the soil has a very high natural 
fertility. The theoretical relationship between degree of shade and fertilizer 
requirement is shown in Fig. 5. In the traditional cacao farms of Bahia there are 
approximately 80 shade trees per hectare (Alvim and Pereira, 1972). In this 
area shade thinning combined with fertilizer application has proved very effec-
tive in increasing yield. 

An average increase in yield of over 100% has been obtained for the last 10 
years on several sites in Bahia following shade removal and fertilizer application 
(Cabala et ai, 1970). Because the experimental plots were relatively small (50 X 
50 m), shade removal did not eliminate lateral shading and wind protection 
provided by tall trees in neighboring areas, and should therefore be regarded as 
"partial" rather than "complete" deshading. Because of the results of this 
experiment, as well as many demonstration plots, over 150,000 ha of cacao in 
Bahia have been partially deshaded and treated with fertilizers during the 5-year 
period from 1968-1972. Such treatments have been major factors in the 
increase in total production of Brazil in recent years. Shade thinning as recom-
mended in Bahia is accomplished by injections of arboricides with the objective 
of reducing the number of shade trees to 25-30 trees/ha. 

Figure 6 summarizes the results of a shade and manurial trial in Ghana over a 
17-year period (Ahenkorah et al, 1974). Shade removal and fertilizer applica-
tion increased yield about 200%, but after about 10 years the unshaded trees 
showed signs of deterioration which was attributed to a number of factors such 
as high loss of exchangeable bases, depletion of reserves caused by higher yield, 
and high incidence of insects pests and parasitic epiphytes (Tapinnathus bang-
wensis). 

Another factor contributing to the general deterioration of unshaded plants 
and apparently overlooked by Ahenkorah et al. (1974) was the fact that several 
acres of forest around the experimental plots were cleared in 1964/1965 (E. J. 
A. Asomaning, personal communication). This may have caused some important 
microclimatic changes, especially in wind velocity. As mentioned earlier, in 
places well protected against wind, such as the Colatina valley, Espirito Santo, 
cacao has been grown without overhead shade for several years with no signs of 
dieback or yield decline. This of course does not invalidate the conclusion of 
Ahenkorah et al. (1974) for the conditions in Ghana, where both heavy over-
head shade and lack of shade were unsuitable for maintaining high yield of cacao 
for more than 8-10 years. 
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Fig. 6 Effects of shade and fertilizer on yield of 10-year-old cacao trees 

during the subsequent fourteen years. (From Ahenkorah et al, 1974.) 

The above findings are in agreement with practical observations by cacao 
farmers in many countries, showing that increase in yield following complete 
removal of shade usually does not last very long and is followed by rapid decline 
of plantations, with many plants showing severe defoliation and dieback after 
the third or fourth year. This decline is accelerated by drought and in most areas 
is associated also with intensive insect attack, particularly by thrips. It is 
commonly believed that fertilizer application, efficient insect control, and irriga-
tion could prevent deterioration of fully exposed plantations. However, this has 
not yet been demonstrated in extensive plantings in the traditional cacao 
producing regions. 

From the above considerations, it may be concluded that the advantage of 
shade in cacao cultivation is not to provide a low light intensity considered 
optimal for growth and yield; its main function is to counteract unfavorable 
ecological factors, such as low soil fertility, wind damage, high transpiration 
leading to moisture stress, and increased insect attack. If all such unfavorable 
factors can be controlled by methods other than by use of shade, the highest 
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production of cacao is obtained without shade. From a practical point of view, 
however, moderate shading appears to be the safest and the most economical 
method of counteracting unfavorable conditions in most regions, especially in 
areas where soils and water supply are not entirely satisfactory. Excessive shade is a 
common problem in many regions and should obviously be avoided. Besides 
decreasing yield by lowering photosynthetic production, excessive shade in-
creases the incidence of black pod disease caused by Phytophthora palmivora 
(Cabala et al, 1970). 

Future research should attempt to define the minimum amount of shade for 
counteracting unfavorable conditions without excessively hampering cacao pro-
duction. The use of economically important trees for shading and for wind 
breaks should also be investigated. 

IV. SOILS 

As shown by Hardy (1960) and Smyth (1966) cacao can be grown in many 
different soils, provided they have satisfactory physical and chemical properties. 
Such properties, especially the physical ones, must be considered in connection 
with climate, particularly the volume and distribution of rainfall. 

A. Physical Properties 

Ideal cacao soils must have good moisture retention, and be well drained and 
aerated for unrestricted root growth. The thickness of the layer of the soil which 
provides such conditions, termed "root room" or "physiological depth" by 
Hardy (1958, 1960), is generally considered to be the main factor which 
differentiates "good" from "bad" soils. Based on studies carried out mainly in 
Trinidad, Hardy (1960) concluded that the physiological depth of soil should be 
at least 150 cm. This probably applies also to soils of West Africa and also where 
a long dry season prevails, as in Trinidad. However, in Bahia, where rainfall is 
well distributed, a root room layer thicker than 1.2 m is seldom found and 
successful plantations have been established in soils only 60-70 cm deep (Silva, 
1969). Distribution of roots in cacao soils rated as "good" and "bad" in Bahia is 
shown in Fig. 7 (Cadima and Alvim, 1973). 

The best cacao soils usually are formed by aggregated clay or loamy sand, the 
proportions of the different particles usually being 30-40% clay, 50% sand, and 
10-20% silt-sized particles (Smyth, 1966). Very heavy soils impede root growth 
because of reduced soil aeration. On the other hand, although sandy soils allow 
root penetration, they usually have low moisture holding capacity and are 
recommended for cacao only in areas with high and well-distributed rainfall. A 
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Fig. 7 Root development in "good" and "bad" soils in Bahia, Brazil, as 
expressed by root counts in 30 X 30 cm squares at different depths of a 
profile near the plant (mean values for sites). (From Cadima and Alvim, 1973.) 

study by Cadima and Alvim (1973) on good and bad cacao soils in Bahia showed 
that yield was negatively correlated with percent of clay in the C horizon, with 
an average of 41.5% in the good soils and 54.2% in the bad ones. 

Soil consistency or compactness also is important. Preference should always 
be given to loose, crumbly, soft, and plastic soils, and not hard and compact 
ones which hinder root penetration (Hardy, 1960). This is particularly important 
in the surface soil layers, since about 80% of the absorbing roots of cacao are 
usually found in the top 20 cm of soil. 

Soil consistency can be assessed by measuring the shear strength using a 
"Torvane" vane shear. In Bahia, Brazil, good soils showed a shear strength of 
only about half that of bad ones, the mean values being 0.19 and 0.36 kg/cm

2
, 

respecitvely (Cadima and Alvim, 1973). 

B. Chemical Properties 

Cacao is not as tolerant to low soil fertility as some other tropical crops, such as 
oil palm and rubber (Alvim et ai, 1969). However when cacao is grown under 
shade or as a mixed crop, reasonably productive cacao plantings can be estab-
lished in relatively poor soil, provided suitable management practices are used. 
As mentioned previously, when cacao is grown with little shade and in relatively 
poor soil, yield is greatly improved by fertilizers. 

In Bahia, the physical and chemical characteristics of cacao soils have been 
quantified (Table I) from data obtained from many soil analyses, information on 
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TABLE I 
Characterization of Low, Medium, and High Fertility Brazilian 

Cacao Soils in Top 20 cm of the Profile 

Relative fertility 

Parameters High Medium Low 

l . pH 7.5-6.0 6.0-5.0 <5.0 
(in water, 1:2.5) 

2. % Organic matter >3.5 3.5-2.5 <2.5 
(moist combustion) 

3. Ρ (ppm) >15 6-15 <5 
(Mehlich's method) 

4. K(mEq/100 g) >0.31 0.30-0.11 <0.11 
(Mechlich's method) 

5.Ca + Mg (mEq/100 g) 12-6 6-3 <3 
(KCl extraction) 

6. % Al saturation 0-10 10-25 >25 
(KCl extraction) 

cacao production in many areas, and extensive fertilizer experiments with field 
and pot cultures. 

To illustrate how soil fertility varies from place to place, nine soil types of 
Brazil are illustrated in Fig. 8 using the graphic method of Alvim and Cabala 
(1974). 

Experience indicates that in soil of relatively low fertility, such as "Ver-
melhâo," "Colônia," and "Itaituba," cacao plantations cannot be established 
without applications of lime and chemical fertilizers, especially phosphorus. 
However, other crops, with lower fertility requirements or high tolerance to 
acidity and relatively high concentration of aluminum, can be cultivated on 
these soils. In fact rubber has been cultivated with some success on poor soils 
such as "Colonia" with addition of only small amounts of lime. 

V. PHYSIOLOGICAL DETERMINANTS OF YIELD 

The main physiological determinants of yield of a fruit crop are (a) the size of 
the leaf canopy, usually expressed by the ratio of leaf surface to ground surface 
or the leaf area index (LAI), (b) the rate of photosynthesis per unit leaf area, 
and (c) the partitioning of photosynthates between the fruits and other parts of 
the plant. A high yielding crop should have a fast growing leaf canopy, high net 
photosynthetic rate, and an inherent ability to channel a relatively high propor-
tion of its photosynthates into the fruits. In the past, research on the physiolog-
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Fig. 8 Graphic representation of some representative soils in rain forest 
regions of Brazil showing different levels of fertility: (a) "CEPEC" (Bahia), (b) 
Hydromorphic (Bahia), (c) "Rio Branco" (Bahia), (d) "Ouro Preto" (Ron-
donia), (e) "Itabuna" (Bahia), (f) "Paraiso" (Rondonia), (g) "Vermelhao" 
(Rondonia), (h) "Colonia" (Bahia), (i) "Itaituba" (Para). (From Alvim and 
Cabala, 1974.) 
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ical determinants of yield in cacao has not received enough attention. The 
following is a brief account of some relevant studies on leaf area development, 
photosynthetic production, and fruit bearing capacity of cacao. 

A. Canopy Architecture and Leaf Area Index 

No research has been conducted under field conditions on the relation of 
canopy development to yield of cacao, but some studies with seedlings seem to 
indicate that genetic differences in leaf growth rate are associated with differ-
ences in yield of some cacao cultivars. Alvim and Gran gier (1966) reported, for 
instance, that the cultivars "Catongo" and hybrid "Catongo X Comum" showed 
a higher leaf area growth rate, and are known to be more productive, than the 
unselected "Comum." No significant difference in net assimilation rate was 
found between these cultivars, but Comum showed a lower relative growth rate 
than the others. 

Using hybrid cacao plants about 8 years old, which showed a relatively high 
yield (about 2000 kg/ha), research was carried out in Bahia on canopy structure, 
leaf area index, leaf angle, and light interception. Some representative results 
obtained in 3 X 3 m and 2 X 2 m plantings with practically no overhead shade 
are shown in Fig. 9 (P. de T. Alvim, unpublished observation). Light interception 
was measured with two radiometers provided with filters for measuring photo-
synthetically active radiation. One radiometer was used for readings above the 
canopy or outside the plantation and the other was utilized for simultaneous 
readings at different heights within the canopy. A portable metal tower was used 
at selected places for measurements of light interception at successive horizontal 
planes 25 cm apart throught the canopy, and for leaf sampling for measurements 

LIGHT PENETRATION (%) LIGHT PENETRATION (%) 

20 40 60 80 100 20 40 60 80 100 

I ι ι ι ι ι ι ι ι I ι ι . . ι ι 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 0.2 0.4 0.6 0.8 1.0 1.2 

LAI LAI 

Fig. 9 Leaf area and light penetration through the canopy of 8-year-old 
cacao trees planted at 2 X 2 and 3 X 3 m spacing. 
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of leaf area index of the various canopy layers. Leaf angles were also measured 
with a clynometer. 

With the results obtained on light interception at different heights an attempt 
was made to calculate the extinction coefficient of cacao using the formula 
proposed by Saeki (1960) based on Beer's law: 

I = I0e-
KL 

where / is the light intensity under the canopy, I0 is the light intensity at the 
top of the canopy, Κ is the light extinction coefficient, and L is the leaf area 
index. Replicated measurements in six different sites gave a mean value for Κ 
of 0.62, varying from 0.57 to 0.67. As shown in Fig. 9, higher values of Κ were 
obtained in 2 X 2 m than in 3 X 3 m spacing, but further research is needed 
to confirm these results. In the 2 X 2 m sites Κ was not uniform throughout 
the canopy but decreased in the upper layers. Presumably such variations in Κ 
values were due to differences in leaf angles, which were found to vary from 
42.6° ± 18° above 3.5 m to 31.5° ± 15° between 2.5 and 3.5 m, and 26.2° ± 3° 
below 2.5 m. It is well known that the extinction coefficient increases as the 
leaves come closer to a horizontal orientation. 

Light measurements under the canopy of mature cacao trees usually show an 
interception which varies from 90 to 97%. Assuming a mean Κ value of 0.62, 
this would indicate a LAI varying from 3.7 to 5.7 which is an agreement with 
some measurements of LAI reported for Bahia (Alvim, 1967). 

B. Photosynthetic Production 

Studies on photosynthesis in cacao have not been carried out with mature 
plants under field conditions. Photosynthetic (primary) production of cacao 
plantations can be roughly esimated by extrapolating results obtained from growth 
analysis and C 0 2 absorption studies with seedlings under various light inten-
sities, and taking into account the canopy structure and light profile of mature 
plants in the field. 

Cacao has a relatively low net assimilation rate (NAR) in comparison with 
other crops (Goodall, 1950; Murray, 1953; Alvim and Grangier, 1966). On the 
average, NAR varies from 5 to 20 mg dm"

2
 day"

1
 as against 30 to over 100 mg 

dm"
2
 d a y

- 1
 for other cultivated plants (Watson, 1952). Lemée (1955) found net 

photosynthesis of cacao to vary from 7 to 27 mg C 0 2 dm"
2
 day"

1
. This is less 

than 30% and may be as low as 10% of the rate reported for maize, potato, 
apple, and other crops (Spector, 1956). 

Lemée (1955) also observed that photosynthesis of cacao increased from 7 to 
22 mg C 0 2 dm"

2
 day"

1
 as light intensity was increased from 2 to 25% of full 

sunlight, but further increases in light intensity caused very little increase in 
photosynthesis. 
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The effect of light intensity on photosynthetic production has also been studied 
by growth analysis (Murray, 1953). Results obtained with 3-month-old seedlings 
grown under different light intensities (as controlled by shading with different 
types of plastic screening) are shown in Fig. 10 (P. de T. Alvim, unpublished obser-
vation). NAR increased from a mean value of 4.5 to 15.2 mg dm"

2
 day"

1
 when 

light intensity increased from 5 to 60% of full daylight and showed no further in-
creases at higher light intensities. At 100% exposure NAR appeared to be slightly 
lower (mean value of 13.6 mg dm"

2
 day"

1
 ) but this was not statistically significant. 

Lemée (1955) also observed reduction in photosynthesis of individual leaves 
when measurements were made on very bright days, or when solar radiation 
intensity was above 0.5-0.75 cal cm"

2
 min"

1
. In leaves developed in the shade, 

the depressing effect of direct sunlight occurred at lower radiation intensity. 

These studies indicate that some degree of shading appears to be beneficial to 
photosynthesis in individual cacao leaves or to young seedlings having all leaves 
exposed to sunlight. Obviously this conclusion does not apply to whole plants or 
to plantations in which many leaves are partially to heavily shaded. As pre-
viously mentioned, experiments on effects of shading on mature cacao showed 
that fruit production increased in proportion to increased illumination up to 
maximum light intensity. 

One of the features that differentiates cacao from typical sun-loving species is 
its high degree of tolerance of heavy shade. This tolerance is indicated not only 
by data in Fig. 10 but also by studies on light compensation point (Alvim, 
1960a, 1967). The fact that cacao can be grown at close spacing and with a 
relatively high LAI is further evidence of its shade tolerance. 

On the basis of the above mentioned results it is not possible to estimate with 
precision the mean photosynthetic rate of cacao leaves in mature plants under 

2 0 

2 0 4 0 6 0 80 100 

% LIGHT INTENSITY 

Fig. 10 Effect of light intensity on net assimilation rate (NAR) of 
3-month-old cacao seedlings. Vertical lines indicate range of variation among 
replications. 
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field conditions. However, from data on canopy structure and light profiles, 
together with data on NAR responses to light intensity, it seems reasonable to 
estimate a mean NAR within the range of 7~10 mg d m

- 2
 day"

1
 for the whole 

canopy. Extrapolating these theoretical figures to a cacao plantation showing a 
mean LAI of 5 would lead to an estimated rate of dry matter production 
varying from 3.5 to 5.0 mg d m

- 2
 day"

1
, which is equivalent to a primary 

production of 12.8-18.2 ton ha"
1
 year"

1
. 

C. Fruit Bearing Capacity 

Cacao yield varies widely from place to place, depending on cultural practices 
and on the planting material used. In most producing areas where traditional 
methods are used the mean yield varies from 300 to 500 kg of dry beans h a

- 1 

year"
1
. With high-yield cultivars and improved cultural practices, or in places 

with exceptionally fertile soils, it is possible to obtain a crop of 2000-3000 kg 
ha"

1
 year"

1
. Very likely, the record yield of about 3700 kg ha"

1
 year"

1
 reported 

for some unshaded and fertilized experimental plots (Ahenkorah et al, 1974) is 
close to the maximum potential yield of the presently known cultivars. 

The dry weight of beans comprises about one-third of the dry weight of 
a cacao pod (Alvim, 1967). Hence, a high yield 2000-3000 kg ha"

1
 year"

1
 would 

correspond to a total fruit dry weight of 6000-9000 kg ha"
1
 year"

1
. This is 

equivalent to about 50% of our estimate for the annual photosynthetic (pri-
mary) production, assuming a LAI of 5 and a NAR varying from 7 to 10 mg 
dm"

2
 d a y

- 1
. 

When studying the fruit bearing capacity of cacao, attention should be given 
to the physiological disorder known as cherelle wilt characterized by yellowing 
and subsequent shriveling and browning of young fruits. From a physiological 
point of view, this disease is probably analogous to fruit shedding common in 
many fruit trees, such as citrus, avocado, mango, apple, etc., except that in cacao 
most pods do not drop but remain shriveled on the plant. Any treatment that 
increases fruit yield also increases the number of fruits which wilt or shed. This 
indicates that cherelle wilt is controlled, in the same way as fruit shedding of 
other species, by an internal correlative mechanism. 

Two types of internal competition appear to be involved in induction of 
cherelle wilt: (a) competition between growing pods and (b) competition be-
tween new leaf flushes and the young fruits. Also, any condition that reduces 
availability of photosynthates to the growing pods, either by lowering photosyn-
thesis or inhibiting translocation of photosynthetic products, also increases the 
incidence of cherelle wilt. This explains why the malady becomes more severe 
during extended periods of moisture stress or excessive rainfall (Alvim, 1954). On 
the other hand, wilt is reduced under conditions which favor high photosyn-
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thetic production as, for example, when cacao is grown without shade. Aso-
maning et al. (1971) concluded that the beneficial effect of reducing shade on 
cacao yield was basically the result of greatly reduced incidence of cherelle wilt. 
They also observed that increases in yield following fertilizer application re-
flected increased pod setting rather than reduced cherelle wilting. Losses by 
wilting were also reduced by adding fertilizers but to a much lesser extent than 
by shade removal, "suggesting that minerals are not as critical as certain photo-
synthetic products, probably carbohydrates." Those conclusions are in agree-
ment with an earlier hypothesis of Alvim (1954, 1967) that the main cause of 
cherelle wilt is a carbohydrate strain brought about by internal competition or 
by inhibition of photosynthesis or translocation of carbohydrates. 

Evidence that competition between growing pods plays a decisive role in 
cherelle wilt was first presented by Humphries (1943) who demonstrated that 
the young fruits tended to wilt at progressively earlier stages as the fruiting 
season advanced. It is well established that the fruits are subject to wilting only 
during the first 70-80 days of their life cycle. According to Nichols (1964, 
1965) this age limit is related to some anatomical changes, with the beginning of 
the nonwilting phase apparently occurring soon after the vascular bundles 
become fully differentiated. Nichols also observed that during the wilting phase 
growth involved cell division as well as enlargement, whereas during the nonwilt-
ing phase only cell enlargement occurred. Alvim (1967) reported that this 
second phase was also characterized by a very high growth rate. Dry weight 
increment was from 500 to 700 mg day"

1
 at the beginning of the phase to over 2 

g d a y
- 1
 at the period of maximum growth (14-16 weeks after fruit set). Pods in 

the nonwilting phase are therefore much stronger sinks than those in the wilting 
phase. 

Several investigators (Pound, 1933; Voelcker, 1938; Humphries, 1943; Alvim, 
1954) have shown that cherelle wilt is also closely correlated with vegetative 
growth of the plant and is particularly severe during or soon after a period of 
intensive leaf flushing. This indicates that the sink strength of growing leaves is 
also higher than that of young pods. 

Figure 11 gives monthly data on fruit setting and cherelle wilting in an 
experimental plot of 12 clonal plants in Bahia over a 2-year period. As also 
observed in Ghana (Asomaning et al, 1971) cherelle wilt incidence followed a 
similar seasonal pattern of pod setting, with a time lag of 1-2 months. Wilting 
accounted for loss of about 75% of the fruits which set. Asomaning et al. (1971) 
also reported losses of 71 to 86% because of wilting. 

The fruit bearing capacity of the tree, and consequently its final yield, exhibit 
a seasonal pattern which appears to be greatly affected by seasonal changes in 
the ratio pod set:wilted cherelles. Thus the absence of a crop in Bahia during 
January to March appears to result not only from reduced flowering during the 
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Fig. 11 Seasonal variation in fruit setting and cherelle wilt at monthly 
interval in Juçari, Bahia, from January 1969 to February 1971. Mean values 
for 12 clonal plants. (From Alvim et al, 1972.) 

months of July to September, as previously suggested (Alvim, 1967), but 
also—and perhaps chiefly—because cherelle wilt incidence is higher than fruit set 
during the months of August to mid October (Fig. 11). 

The seasonal pattern of crop harvesting also appears to be related to changes 
in vegetative growth. Figure 12 shows the monthly numbers of harvested pods 
and developing pods in an experimental area in Bahia. On the basis of a previous 
study on changes in pod dry weight as related to fruit age (Alvim, 1967), and 
using the final number of harvested pods as a reference, the total dry weight of 
the hanging pods was estimated. Wilted cherelles were not included in this 
estimate. These data showed that the period of maximum fruit load on a dry 
weight basis did not coincide with the period of maximum number of pods per 
tree. As a rule, the latter occurred from March to July with the peak in 
May-June, whereas the former came about three months later, with the peak in 
August-September. The period of minimum fruit load occurred between Decem-
ber and February. 

As will be seen later, cacao plants in Bahia usually are in complete vegetative 
rest between May and September when fruit load increases and they show 
periodic growth flushes between October and April when the fruit load de-
creases. Competition between vegetative growth (flushing, root, and cambial 
growth) and young fruits could be an important factor determining these 
changes in fruit load during the year. Hence, when external conditions are 
favorable for growth (October-April) the strength of the vegetative sink in-
creases and fruit-bearing capacity decreases; when the environment does not favor 
vegetative growth (May-September), the vegetative sink decreases and fruit load 
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Fig. 1 2 Seasonal variation in pod numbers and pod dry weight for 12 
clonal plants in Juçari, Bahia, from January 1969 to February 1971. (From 
Alvim et al, 1972.) 

increases. This hypothesis assumes that changes in fruit load during the year are 
affected by environmental effects on vegetative growth, and this in turn affects 
fruiting. If this assumption is correct, a period of vegetative rest should be of 
benefit for increasing fruit-bearing capacity, possibly by preventing or reducing 
cherelle wilt. 

VI. ENVIRONMENTAL EFFECTS ON GROWTH AND FLOWERING 

Cacao is an intermittently growing evergreen which exhibits periods of leaf 
flushes alternating with periods of vegetative rest. In most places, adult plants 
show two or three intensive flushes of shoot growth during the year and an equal 
number of less pronounced ones, with only a few branches renewing their leaves. 
As a rule there is a "rest period" of about 3-4 months during which flushing is 
negligible or absent. Flowering also shows much variation during the year, but in 
most regions a few flowers are present throughout the year. 

It is well established that juvenile cacao plants flush at a more or less fixed 
interval of approximately two months and usually do not show any synchronism 
among themselves with regard to their growth periodicity (Greathouse et al, 
1971). This suggests that flushing of young plants is under the control of an 
endogenous mechanism. According to Borchert (1973), such an endogenous 
mechanism could be related to a feedback interaction between two potentially 
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continuous processes, such as shoot-and-root growth, if the slower process is rate 
limiting for the faster one. In other words, the rhythmic behavior is a con-
sequence of feedback mechanisms needed for maintaining a constant shoot:root 
ratio. 

Whatever the nature of the internal mechanism associated with rhythmic 
growth and flowering of cacao, flushing and flowering periodicity in mature 
plants follow a "seasonal" pattern which varies according to the region, but 
within a region usually shows little change from year to year. This suggests that 
flushing and flowering of mature cacao are under the control of some seasonal 
change in environmental conditions. If an endogenous mechanism exists in 
mature plants, this appears to be commonly overshadowed by the effect of 
exogenous factors. 

A. Flushing Rhythm 

Early theories about the effect of environmental factors on growth rhythms 
of cacao were reviewed by Alvim (1967). More recent studies carried out in 
Bahia (Alvim et al, 1969) support a theory first suggested by McDonald (1933) 
which emphasizes the importance of soil moisture and/or air relative humidity 
on flushing. On the basis of field studies in Brazil, the following hypothesis was 
proposed to explain the relationship between moisture availability and flushing 
(Alvim et al, 1969): (a) decreased rainfall (or increased moisture stress) induced 
leaf abscission, (b) leaf abscission breaks bud dormancy because of reduced 
production of an inhibitor originating in leaves, (c) flushing occurs soon after 
leaf abscission or, under conditions of severe moisture stress, after the onset of 
rains. 

Flushing and leaf fall are closely related phenomena (Alvim, 1967; Boyer, 
1974). Intensive leaf fall invariably occurs simultaneously with, or just before or 
after, an intensive flush or shoot growth. Ordinarily, the main flush in Bahia 
occurs in September-October and is followed by two or three minor flushes 
between November and April, with flushing in February-March usually less 
important. Maximum leaf fall as a rule takes place soon after the intensive 
growth flush of September-October. From May to mid September the plants 
remain in a steady state, with practically no flushing and very limited leaf-fall 
taking place. 

A recent experiment with 3-year-old cacao trees grown in large pots (250 
liters) and submitted to different water regimes illustrated the relationship 
between soil moisture status, variation in stem diameter, leaf shedding, and 
flushing (Alvim and Alvim, 1975). Soil moisture was monitored by means of 
Bouyoucos gypsum blocks placed at depths of 6, 12, 18, and 24 inches. Trunk 
diameter was measured with a highly sensitive liquid displacement dendrometer 
(Alvim, 1975). A decrease in soil moisture caused stem shrinkage as well as 
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chlorosis, especially in older leaves, but very few leaves were shed during wilting. 
However, soon after the soil was rewatered, there was an abrupt increase in both 
stem swelling and leaf shedding (Fig. 13). The increase in leaf fall appeared to 
result from rupture at the abscission layers following the rapid swelling of the 
shoot bark. Seven to eight days after rewatering, many terminal buds started 
swelling, initiating a new flushing cycle. 

Sale (1970a) and Boyer (1973) reported that each time potted cacao plants 
were watered following drought vigorous flushing occurred, beginning about 10 
days after watering. Many of the flushes were from axillary buds as well as from 
terminal buds. Frequently irrigated plants flushed less vigorously than droughted 
ones and only at the terminal buds, with peaks of flushing occurring every 5-6 
weeks. In spite of less intensive flushing, the total leaf area was higher in the 
frequently watered plants than for droughted ones because of reduced leaf 
shedding or longer leaf life of the former. Sale (1968) also demonstrated under 
controlled conditions that flushing was not induced by an increase in tempera-
ture above 83°F, as previously proposed by Humphries (1944) and Greenwood 
and Posnette (1950), or by increase in temperature range (thermoperiodicity) as 
suggested in earlier papers by Alvim (1957). Sale (1968) found, however, that 

D A T E 

Fig. 13 Effect of soil moisture on leaf fall, flushing, and changes in trunk 
diameter. (From Alvim and Alvim, 1975.) 
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the intervals between flushes were reduced when temperature was raised, with 
plants growing at 74°F flushing approximately every 95 days and plants growing 
at 80° and 86°F flushing every 36 to 20 days, respectively. 

Figure 14 shows data on flushing and leaf shedding of 12-year-old plants in 
Juçari, Bahia, from July 1969 to November 1971, together with data on rainfall, 
mean temperature, and cumulative soil moisture deficit and excess. For the sake 
of simplicity, data on bud break and number of newly formed leaves are 
presented for two-week intervals. 

Cumulative soil moisture deficits were estimated following the method of 
Smith (1966), assuming a soil depth (root space) of 45 cm, an apparent specific 
gravity of the soil of 1.4, a field capacity of 32%, and a wilting percentage of 
16%. These values give a Κ value of 0.01, and a water retention capacity of 100 

Fig. 14 Seasonal variations in leaf flushing of cacao in Juçari, Bahia, from 
July 1969 to November 1971. Data are expressed as percent of bud break and 
number of newly formed leaves, together with data on leaf fall m"

2
 week"

1
, 

temperature, and rainfall. (From Alvim et al, 1972.) 
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mm. The cumulative soil moisture excess was derived from the balance be-
tween rainfall and potential évapotranspiration. Data on solar radiation, rela-
tive humidity, and vapor pressure deficit were also analyzed in this study but 
are not included in Fig. 12 as they did not show any correlation with growth 
rhythms. 

From a previous study (Alvim et al, 1969), two hypotheses were suggested to 
explain the correlation between leaf fall and leaf flushing: (a) the concentration 
of an inhibitor responsible for bud dormancy and originating in the leaves is 
reduced as a consequence of leaf abscission, thus triggering bud expansion, (b) 
flushing imposes a strain for nutrients and/or hormones, which accelerates 
senescence and abscission of old leaves. The first hypothesis is supported by the 
fact that flushing can be induced during any time of year by heavy pruning or by 
various degrees of defoliation. Studies in Bahia have shown that leaf removal 
caused intensive flushing even during a time when plants normally are in a state 
of rest (e.g., in June). 

As shown in Fig. 14 a drought occurred during June/July, normally the 
wettest period of the year in Bahia, causing off-season leaf shedding which was 
immediately followed by intensive leaf flushing in July-August. This was the 
first time in many years that flushing had been observed in Bahia at this time of 
year. 

In support of the second hypothesis involving competition between young 
and older leaves, on the other hand, leaf-fall in October 1969, October 1970, and 
December 1971 occurred 2-3 weeks after flushing (Fig. 14). This does not 
necessarily invalidate the first hypothesis, since the abscission layer is obviously 
formed before actual leaf shedding occurs and could therefore precede the onset 
of flushing. 

A growth promoter moving from the roots to the shoots through the phloem 
also appears to play in important role in control of flushing. Indirect evidence 
for this is the following (Alvim et αϊ, 1969): (a) when a complete ring of bark is 
removed from the trunk or from one of the main branches, thereby preventing 
upward phloem transport, flushing is inhibited in the whole tree or in the ringed 
branch, respectively; (b) when all but one of the main branches are ring barked, 
the ungirdled branch is stimulated to flush off-season, whereas all ringed 
branched do not flush, suggesting that the growth promoter originating in the 
roots moved in higher concentrations to the ungirdled branch; (c) flushing is also 
inhibited when some lateral roots are pruned. 

When data on flushing were examined with reference to cumulative soil 
moisture deficit and excess (Fig. 14) and to a lesser extent with water supply, 
periods of increased bud break and subsequent leaf expansion were almost 
always preceded by a period of soil moisture depletion. In most cases the 
beginning of a flushing cycle took place soon after the first rainy days following 
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a relatively dry period. Two apparent exceptions were observed, in September 
and December, 1970, following relatively long periods of continuous heavy rains 
which caused severe waterlogging. It seems likely that in these cases the plants 
were under "physiological drought" as a result of poor soil aeration. 

After the vegetative buds start to open an adequate moisture supply is 
essential for fast leaf expansion. This explains why a vigorous flushing cycle is 
always associated with well-distributed rainfall following a period of moisture 
stress. In April 1971, for instance, bud break was very intensive, but actual leaf 
expansion was less pronounced, apparently because limited rainfall from mid 
April to June. Again, in August and September 1971 some buds were induced to 
open but many new flushes aborted, seemingly as a result of soil moisture 
deficit. 

The importance of moisture stress in breaking dormancy has been demon-
strated for coffee flower buds (Alvim, 1960b). However an thesis could take 
place only after irrigation or rain. A similar type of response to a relatively dry 
period followed by a wet one has been observed in citrus, in connection with 
flowering and flushing cycles (Cassin, 1969), and probably occurs commonly in 
tropical trees. The term "hydroperiodicity" has been suggested to refer to this 
relationship between growth and flowering pattern and the exogenous condi-
tions affecting the internal moisture status of the plant (Alvim, 1964). 

As mentioned previously, flushing very seldom occurs in Bahia during the 
months from May to August, which correspond to the period of relatively 
frequent rainfall, reduced solar radiation, and low temperature. In 1971 inten-
sive leaf fall followed by vigorous flushing occurred for the first time during the 
month of July, and this was associated with an unusually severe drought which 
occurred in June (Fig. 14). Temperature and solar radiation showed no apparent 
relationship to this off-season flush. The data indicated that the absence of 
flushing normally observed from May to August in Bahia cannot be attributed to 
low temperature or low solar radiation as previously proposed (Alvim, 1967), 
but to the normal absence of moisture stress during that period. 

In Sales's experiments (1970a) frequently watered plants did not flush at all 
after they reached the age of about 2 years, whereas plants of the same age but 
previously submitted to soil moisture stress exhibited vigorous flushing. Sale 
carried out his experiments with plants that were 12-30 months old and it seems 
likely that the "juvenility effect" overshadowed responses to the water regime 
during the earlier part of his experiments, i.e., when plants were younger. He 
agreed with the previous suggestion of Alvim et al (1969) that water stress 
caused the buds to develop to a stage at which they were ready to grow, and 
appeared to be a "necessary requirement for the plants to continue to either 
initiate or expand new leaves." Sale recognized that this conclusion did not-
invalidate the suggestion of Cheesman (1948) "that the absence of a dry season 
may be wholly favourable to cacao—for under most field conditions it is 
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probable that soil water would be depleted occasionally to at least 50%, and thus 
provide any growth check that might be necessary for continued flushing." 

Cacao growing without shade flushes much more intensively than does shaded 
cacao. This probably is because of the higher internal moisture stress in un-
shaded plants (Alvim et al, 1972). 

Moisture stress increases the abscisic acid (ABA) content of cacao leaves (R. 
Alvim et al, 1974). The increase in ABA is known to induce formation of 
abscission layer as well as to impose bud dormancy (Smith, 1967; El-Antably et 
al, 1967). R. Alvim et al (1974) also demonstrated that defoliation, which is 
known to induce flushing, not only caused a decrease in ABA content, but also 
an increase in the cytokinin activity of cacao buds. 

Based on these findings, an analogy was made between the processes leading 
to an interflush period in cacao and the gradual decrease of extension growth 
during the preparative stages for dormancy in temperate species (R. Alvim et al, 
1974). In both cases, an inhibitor-promoter balance appears to be involved. It 
may be that, with an increasing leaf area, more and more ABA is translocated 
from the leaves to the growing points and larger amounts of root cytokinins are 
diverted to the leaves. The inhibitor-promoter ratio in the shoot tips would 
consequently be gradually increased. A situation may be reached in which the 
leaf area attains a critical value, at which the action of ABA totally overcomes 
the effects of cytokinins and other promoters. For growth to be resumed 
following this stage of total correlative inhibition, the critical leaf area would 
have to be somewhat reduced. Perhaps at this stage a dry spell, which appears to 
be obligatory for renewal of growth in some species, exerts its role. A critical 
number of water-stressed leaves could increase ABA levels to the point of 
inducing formation of abscission layers. These layers would act as barriers 
against the diversion of root cytokinins to the leaves and of leaf ABA to the 
shoot tips, thus triggering growth flushes. 

In a juvenile plant, which flushes episodically throughout the year, the leaf 
area might not be adequate to maintain inhibition of the terminal bud through 
an adverse ABA/cytokinin balance, when large supplies of cytokinins are avail-
able from a rapidly developing root system. This model resembles the one 
suggested by Borchert (1973) to explain endogenous rhythms in young plants, 
except that the stimulus for the rhythmic behavior would come from changes in 
hormone balance resulting from changes in the shoot:root ratio. In mature cacao 
trees, which are more likely to develop internal water deficits due to a higher 
resistance to water transport, the change in the ABA/cytokinin balance neces-
sary for flushing would result from moisture stress induced by changes in 
climatic conditions. Hence, the well-documented synchronization of flushing 
patterns among mature plants in the field appears to result from an exogenous, 
hydroperiodic stimulus leading to changes in internal moisture status, and hence 
in the ABA/cytokinin balance. 
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Β. Flowering 

The age at which cacao starts producing flowers in the field varies greatly 
with genetic origin and cultural practices. Under good management, most of the 
new hybrids now being planted in Brazil start flowering at an age of about 18 
months after transplanting to the field. An extreme case of genetically con-
trolled premature flowering was observed by Soria (1961) on some seedlings of 
pure criollo cacao from Mexico, which began to produce normal flowers at the 
age of three months. Cotyledons still had not fallen from these plants. Plants 
growing in nutrient solution under greenhouse conditions in Bahia usually start 
producing flowers at the age of about 12 months from seed. Unselected amelo-
nado plants under the traditional cultural practices used by farmers in Bahia 
require from 3 to 4 years, on the average, to begin flowering. 

As previously reported (Alvim, 1967), the flowering cycle of mature cacao 
plants in Bahia follows a clearly established seasonal pattern, with very few 
flowers appearing in July-October. In young plants flowering is reduced but not 
completely arrested during the same period. The difference between mature and 
young plants with regard to flowering has recently been confirmed in a study 
comparing the flowering cycle of the cultivar Catongo aged 5 , 1 2 , and 23 years 
growing in neighboring areas, in Uruçuca, Bahia. To estimate flowering in-
tensity, the soil surface under each tree was covered with a layer of sand and 
the number of unfertilized flowers falling on the sand was counted at intervals of 
two or three days (Fig. 15). Seasonal variability in flowering increased in direct 
proportion to plant age. The 23-year-old plants produced about ten times as 
many flowers as the 5-year-old plants during the peak of flowering (Febru-
ary-April) and about ten times less during the low flowering period (August-
September). The data for the 12-year-old plants fell between the other two age 
groups. 

It may be possible that the microclimate around the plant rather than plant 
age was responsible for the difference in flowering and cropping patterns 
between mature and young plants. Because of their lower leaf area index, young 
plants receive more solar energy per unit leaf area than older plants, and this 
might be an important factor in the difference in their response to variations in 
climate. Another possibility is that older plants, because of their larger propor-
tion of nonphotosynthetic tissues (roots, stems, etc.) which act as a sink for 
photosynthates, are more readily depleted of flower-forming substances than 
younger plants. 

A chemical stimulus originating in the leaves and moving downward through 
the inner bark (phloem) appears to play an important role in the mechanism of 
flowering. This can be demonstrated by removing a ring of bark from the trunk 
of mature cacao trees. Studies in Brazil have shown that, following such stem 
girdling during the normal blossoming season, flowering was very profuse on the 
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Fig. 15 Seasonal variations in flower production in Catongo trees aged 5, 
12, and 23 years, in Uruçuca, Bahia, from November 1970 to December 1971 
(average for eight trees in each group). Data for a sterile 12-year-old tree which 
produced only one pod during the period of the study are included to 
illustrate the effect of fruit sink on flowering. (From Alvim et al, 1972.) 

portion of the trunk above the ring and was completely arrested below the ring. 
This response occurred within 2-3 weeks following treatment. Accumulation of 
photosynthates and/or flowering hormones is apparently responsible for the 
enhancement of flowering above the stem girdle. Similar responses to bark 
ringing has been reported for citrus (Furr et al, 1947) and other species 
(Kozlowski, 1971). 

The fruit load of the plant also affects flowering intensity. This was observed 
during the course of our study on flowering in plants at different ages. One of 
the 12-year-old Catongo plants included by chance in the experiment was 
practically sterile, as it produced only one pod. The flowering cycle of this plant 
is also included in Fig. 15 (12 years, without fruit). It not only blossomed much 
more heavily than the normal bearing 12-year-old plants, but showed a relatively 
slight decrease in flowering from July to November when other plants, irrespec-
tive of age, showed much lower flowering intensity. Together with our observa-
tions on the effect of ringing, these results seem to indicate that fruits compete 
with flowers for a substance or substances (which could very well be carbo-
hydrates) whose concentration is related to flowering intensity. Competition 
between fruits and flowers is known to play an important role in determining 
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flowering intensity of other tree crops, such as citrus (Lenz, 1969) and many 
forest trees (Kozlowski, 1971). Flowering cycles of cacao were studied in Juçari, 
Bahia, for a period of 38 months (January, 1968 to February, 1971), using 12 
clonal plants which were about 8 years old at the beginning of the study. The 
average number of flowers/day/plant is given in Fig. 16 for 10-day intervals. 
Data on cumulative soil moisture deficit and excess, calculated by the method 
mentioned under growth rhythms and mean temperature data, are also pre-
sented. Other climatological data, such as solar radiation, relative humidity, and 
vapor pressure deficit, did not show any obvious relationship with the flowering 
data and will not be included in this discussion. 

Intensive flowering usually occurred from November to June; least flowering 
from August to October. Previous studies at another station (Uruçuca) with 
older trees (Alvim, 1967) showed minimum flowering from June to September. 
It is not known if this discrepancy is due to differences in climate, age of trees, 
varietal differences, or methods of study. However, data given in Figs. 15 and 16 

D A T E 

Fig. 16 Seasonal variation in intensity of cacao as expressed in number of 
flowers per plant per day (mean figure for 12 clonal plants) in Juçari, together 
with data on temperature and cumulative soil moisture deficit and excess, at 
10 days intervals from January 1968 to March 1971. (From Alvim et al, 
1972.) 
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are considered to be more accurate than those previously reported, and probably 
are more reliable. 

Previous studies on flowering of cacao in Bahia (Alvim, 1967) suggested that 
a decrease in flowering from June to September was the result of low tempera-
ture. Because the temperature in Bahia starts to decrease in May when flowering 
is still quite intensive, it was postulated that the effect of low temperature was 
indirect in the sense that it first affected vegetative growth, which in turn 
affected flowering, this accounting for the time lag between supposed cause and 
effect. This theory needs to be revised in view of recent findings. As shown in 
Fig. 14, temperature was not related to shoot growth rhythms. Intensive bud 
break and leaf expansion could take place even during time when temperatures 
were relatively low (e.g., in July 1971). Sale (1969a) also did not find support 
for an "indirect" effect of temperature on flowering. He confirmed that low 
temperature decreased flowering, but the effect seemed to be direct. It now 
appears that reduced flowering in Bahia from June-July to September-October 
is caused by internal competition between fruits and flowers, with the effect of 
low temperature apparently being less important. As shown in Fig. 12 the period 
of maximum fruit load in Bahia, as expressed in total dry weight of hanging 
pods, coincides with the period of minimum flowering. 

The flowering season for plants in our studies occurred from November to 
June and the beginning of this season coincided each year with the time when 
plants had the lowest fruit load (Fig. 12). This lends support to the emphasis on 
the importance of internal competition between fruits and flowers. Our data 
suggest that as long as this competition exists flowering shows practically no 
response to changes in environmental conditions. Only after the plants reach the 
period of minimum fruit load, which means decreased internal competition 
between fruits and flowers, does blossoming respond to environmental condi-
tions, and exhibit wide fluctuation from time to time. 

It is well established that cacao flowering is inhibited during periods of 
moisture stress (Alvim, 1964; Sale, 1970a) and becomes particularly pro-
fuse after the first heavy rains followed by extended dry period (Alvim, 1967). 
Comparisons of the data on cumulative soil moisture deficit and excess with 
the number of flowers per plant during the flowering season (Fig. 16) show 
that period of increased flowering are usually preceded by a relatively dry 
period followed by a wet period and that decreased flowering is associated 
either with a dry spell (e.g., April 1970) or excessive soil moisture (e.g., 
December 1968, December 1969, February 1970, and November 1970). In some 
instances, such as in December 1970 and January 1971, increased flowering 
appeared to result from decreased soil moisture following a period of moisture 
excess. 

Sale (1970a) obtained profuse flowering in potted cacao plants whenever the 
soil was watered following a period of moisture stress, and concluded that flower 
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initiation had been enhanced during the dry period and only flower growth was 
inhibited by moisture deficiency. In coffee, the flower buds remain in a state of 
complete rest for as long as the plants are frequently watered and kept under high 
atmospheric humidity, a "dry shock" apparently being necessary to break the 
resting period (Alvim, 1960b). As pointed out by Sale (1970a) this does not 
appear to be the case with cacao, because the flower buds do not go through a 
rest period imposed by low water stress and some flowers always occur even 
under conditions of frequent watering or high humidity. Sale (1970b) also 
demonstrated, under controlled conditions, that flowering can be induced by 
transferring plants from a low (50-60%) or medium (70-80%) relative humidity 
to a high one (90^95%). 

It is worth pointing out that flowering of citrus in tropical areas was 
controlled by alternations between dry and rainy periods and that, in irrigated 
citrus orchards, it is possible to induce out-of-season flowering by irrigation 
following a drought (Cassin, 1969). 

From the foregoing discussion it appears that the major factors controlling 
flowering of cacao are, internally, competition between fruits and flowers, and 
externally, an alternation between dry and wet periods. Hence, hydroperiodicity 
of the environment appears to be the most important exogenous stimulus for 
inducing opening of vegetative buds as well as for enhancing flowering. 
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Natural rubber holds and will continue to hold a leading position among the 
commodities of the world. It is relatively a newcomer among the necessities of 
our advancing civilization, yet its absence would change the conveniences of 
modern life to drudgery (Seibert, 1947). 

I. INTRODUCTION 

Rubber {Hevea brasiliensis Muell. Arg.) seedlings were first brought to 

Ceylon in 1876 via the Royal Botanical Garden at Kew, England. The plants 

315 



316 Vicente H. F. Moraes 

were grown from seeds collected in Brazil by Sir Henry Wickham. The introduc-
tion of rubber plants to Ceylon was a very decisive step in increasing the 
importance of rubber as a crop. If domestication had been first attempted in the 
Amazon, the results would have been discouraging because of the occurrence of 
South American leaf blight, an endemic disease under Amazon forest conditions. 
In Ceylon, isolated from the threat of leaf blight, the introduced rubber 
seedlings grew vigorously. 

A few decades elapsed before a strong interest developed in cultivation of 
rubber. Among the factors that eventually stimulated such an interest were the 
occurrence of Hemileia rust in coffee, deficiency of more fertile soils, and 
increasing rubber prices (Dijkman, 1951). As soon as the potential of growing 
rubber was realized, its cultivation spread rapidly through the old Dutch and 
British Indies. 

Hevea brasiliensis probably was the first tropical species to receive the 
attention of research centers specializing in a single crop. Most natural rubber 
since then has been produced in the Far East, with considerable recent progress 
in West Africa. Even though tropical Latin America must cope with the leaf 
blight disease, there are prospects of overcoming it. 

The origin of research data is obviously proportional to the density of the 
geographical distribution of the crop. It is, however, unfortunate that native 
populations of the Amazonian region were neglected for such a long time. Early 
rapid success of the first introductions with a probable restricted genetic poten-
tial could explain this. 

According to Mann (1940, cited in Seibert, 1947), it seemed fairly clear, 
however, that all of the rubber produced in Malayia originally came from 27 
seedlings of the original Wickham collection that went to Singapore in 1826. 
Dijkman (1951) stated that 1900 seedlings were sent in 1876 to Ceylon; some to 
Malaysia, and only two to the Culturtuin Buitenzorg, West Java. Other less 
important and later introductions are reported by Dijkman (1951). 

Wickham collected seeds near Boim, a small village on the river Tapajos, 
where wild rubber trees occur on the upland, unflooded soils. Seibert (1947) 
believes the morphological evidence indicates that the wild, upland rubber tree is 
a widely distributed ecotype derived through introgression of Hevea guianensis 
var. lutea into Hevea brasiliensis. Hevea brasiliensis occurs on periodically 
flooded, alluvial soils along the rivers. Hevea guianensis var. lutea is found only 
on upland, well-drained soils. 

The genus Hevea is a natural taxonomic entity and it is easily shown that a 
given tree belongs to this genus. However, the differences between species are 
many and complex. The lack of genetic barriers has led to frequent hybridiza-
tion and this may account for the known ecological plasticity of the cultivated 
rubber tree. Plasticity may even be increased through breeding programs. This is 
suggested by the diversity of natural environments inhabited by different 
species. Hence, Hevea camporum and Hevea nitida var. toxicodendroid.es are 

http://toxicodendroid.es
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found in plant communities of xerophytic physiognomy on very sandy soils. 
Hevea spruceana, H paludosa, and H mierophylla occur in swampy or perma-
nently inundated areas, and H benthamiana, in the alluvial periodically flooded 
soils, similar to the lowland Hevea brasiliensis. 

Except for information on cultivated Hevea brisiliensis, almost nothing is 
known about the ecophysiology of Hevea species or even whether there is a 
significant physiological difference between the upland and lowland Hevea 
brasiliensis. However, brief references are made to other important species which 
might be applicable in the case of the upland Hevea brisiliensis. 

II. SOIL CONDITIONS AND ROOT GROWTH 

Research at the Rubber Research Institute of Malaysia (1958) with clonal 
seedlings growing on light soils has provided a detailed description of rooting 
habits of rubber. Trees up to three years old had surface laterals concentrated 
close to the trees. At or about four years after planting, the feeder roots of 
adjacent rows had met. In 5- to 7-year-old trees, the density of roots in the 
center of the interrow was greater because of intermingling of roots from 
adjacent rows. In mature trees (15 years or older), root density across the 
interrows was fairly even and not significantly related to the distance from the 
trees. 

Three-year-old trees had taproots 1.5 m long; lateral roots were 6 to 9 m long. 
In 7- and 8-year-old trees, taproots were 2.4 m long and some laterals were more 
than 9 m long. In the deep fertile basaltic soils of Vietnam and Cambodia, 
taproots up to 10 m deep have been excavated in old stands (G. Losson, personal 
communication, 1975). An interesting feature was the profuse development of 
lateral roots all along the taproot. This is not in accord with the widespread 
belief that the root system consists of only a deep taproot and the lateral and 
feeder roots, down to a 20 cm depth. 

The preceding description applies to clonal seedlings in light soils without 
hard, ironstone concretions or pans. Planting techniques and soil conditions may 
change this pattern. For example, old budded stumps with taproots sectioned on 
mature tissue of thick suberized bark cannot regenerate strong taproots. Poor 
soil aeration, due to impeded drainage or compaction of heavy soils, also inhibits 
root growth. 

In shallow alluvial soils, the taproots of rubber trees are confined to not more 
than 3 0 - 4 0 cm of the A horizon. In such soils more vigorous growth of laterals 
compensates for the decreased growth of taproots. This is the case for both 
cultivated and native rubber trees. When planted in deep, well-aerated, upland 
soils, seedlings of the lowland Hevea brasiliensis produce long, well-developed 
taproots. 

An unexpected root characteristic was found in Hevea marajoensis, a new 
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species recently discovered by J. M. Pires (personal communication, 1975). 
This species has a xylopode (an underground organ, common to plants of 
savannas). Each plant has many shoots derived from buds in the xylopode. 

Alvim et al (1965) concluded that roots of 3-month-old Hevea seedlings were 
more efficient in absorbing nutrients than cacao roots of the same age. Respira-
tion of Hevea roots was about twice as high as that of cacao roots. The 
shoot-to-root ratio of rubber was lower than in cacao, which has twice the leaf 
area of rubber. 

Endotrophic mycorrhizae were found in Hevea, but it could not be demon-
strated that the mycorrhizae were able to assist Hevea roots in the uptake of 
nutrients (Wais tie, 1965). 

A. Physical Characteristics of Soils 

Because of the extensive root system, as well as the high oxygen demand 
associated with high respiration rates, the better soils for Hevea must be very 
deep and well drained, with good moisture retaining capacity. Sandy soils should 
not have less than 20% clay in the surface horizons, and more at lower depths. 
Heavy soils must not lose their structure in order to be kept well aerated. 

Shallow-rooted trees growing in soils with a hard pan may be uprooted by 
strong winds. Chan and Pushparajah (1972) cited the Selangor soil series of 
Malaysia, where a low rubber yield was associated with the presence of a hard 
pan. Physical factors of soils, especially soil depth and soil drainage, frequently 
are overlooked with respect to their adverse effects on yield. 

B. Chemical Characteristics of Soils 

Because of its extensive root system and high nutrient absorbing capacity, 
Hevea can tolerate very acid and infertile soils. It has been found growing in 
soils with a pH as low as 3.8 (Vollema, 1941). Reasonable economic returns 
cannot be expected from rubber trees on poor soils, because both establishment 
and exploitation of Hevea are very expensive. The highest yields have been 
recorded in the fertile basalt-derived soils of Vietnam and Cambodia. This also 
applies to naturally occurring rubber trees. The highest yields were reported for 
trees on fertile basalt-derived soils in the territory of Rondonia (Brazil) along the 
Jam River (Moraes, 1963). 

Early theories on mineral nutrition of rubber trees considered the nutrient 
loss in the crop to be very low since rubber itself is a hydrocarbon. However, it 
has been shown more recently that addition of fertilizers is necessary to sustain 
high yields (Pushparajah et al, 1972; Sivanadyan et al, 1972). These obser-
vations will change the traditional view that application of fertilizer should 
be restricted to young plants. 
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III. CLIMATIC CONDITIONS 

A. Rainfall and Water Balance 

Only indirect references to macroclimatic conditions in natural and cultivated 
areas of production are found in the literature (Dijkman, 1951; Sudhevea, 1971; 
Bastos and Diniz, 1975). 

Table I gives some examples of annual rainfall and Thorntwaite water bal-
ances according to Sudhevea (1972). The higher water deficiency recorded 
in this table is 232 mm, but Laikhê in Cambodia had an annual water deficit 
of 350 mm (Institut des Recherches sur la Caoutchouc au Cambodge, 1965). 
However, very high yields have been recorded under these conditions, be-
cause of!deep root penetration in the fertile basaltic soil. High yields resulted 
not only because of the drought avoiding adaptation of the plants, but also 
because of refoliation in a drier atmosphere, unfavorable to fungal attacks. 
Rainfall and other climatic variables found in the natural habitats of Hevea 
brasiliensis are of the same order of magnitude in areas where rubber is culti-
vated (Bastos and Diniz, 1975). 

B. Temperature 

The cultivation of Hevea brasiliensis is concentrated between latitudes of 10°N 
and 10°S of the equator. It grows well at latitudes above 20°S, in the State of Sâo 
Paulo, Brazil, where it displays a better resistance to frost than coffee (Coffea 
arabica L.). Low temperatures at high altitudes retard growth. At altitudes higher 
than 200 m there was a 6-month delay in reaching tappable trunk size for each 
100 m increase in altitude (Dijkman, 1951). This corresponds to approximately 

TABLE I 
Water Balance Data from Various Areas Where Rubber Is 

Cultivated
0
'

b 

Water Water 
Localities Rainfall Evapotranspiration deficiency excess 

Djakarta 1797 1540 1308 232 489 
Siantar 2705 1665 1665 0 1040 
Yangamki 1840 1333 1329 4 511 
Malaca 2190 1665 1655 10 535 
Singapore 2282 1716 1715 1 567 
Medan 1939 1579 1560 11 371 
Kuala Lumpur 2499 1709 1705 4 794 

fl
From Sudhevea (1972). 
*A11 values in millimeters. 
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a 0.5°C decrease per 100 m of altitude. Based on comparisons of growth rates in 
Campinas and Sao Paulo (Brazil), an annual mean temperature of 20°C was 
considered the lower limit of thermal adaptation of rubber (Sudhevea, 1971). 

The apparent effect of low temperature is shown in Fig. 1. This effect, if 
reproducible, can only be attributed to decrease in rubber regeneration at the 
bark drainage areas after tapping, since latex flow is greater at lower tempera-
tures and associated lower transpiration rates. 

There is little to say with respect to other important environmental variables 
due to the lack of published quantitative data. Some references will, however, be 
made to other topics. No quantitative relationship has been shown between light 
intensity and photosynthesis in Hevea brasiliensis. The species is known to be 
light demanding, however, and regeneration depends on natural opening or 
clearings in forests. This also is true for other tropical species of the primary 
forest such as Goupia glabra and Bertholetia excelsa (Schulz, 1960). However, 
unlike Goupia, Hevea brasiliensis produces a large number of young seedlings 
(Moraes and Muller, 1976). 

A S O N D J F M A J J 

1 9 6 7 I 1 9 6 8~ 

Fig. 1 Actual évapotranspiration and rubber yield, Colina, Sao Paulo, 
Brazil. (From Sudhevea, 1971.) 
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IV. SHOOT GROWTH 

A. Seasonal Periodicity 

Shoot growth of Hevea is characterized by periodic rapid elongation, alternat-
ing with periods of inactivity. In young, unbranched trees, new growth flushes 
occur successively during the year, with leaves of each flush separated into 
layers. According to Halle and Martin (1968), flushing coincides with periods of 
cambial activity and a positive correlation exists between flushing frequency and 
the number of latex vessel rings in the stem. 

Adult trees exhibit prominent annual flushing periodicity. Heavea brasiliensis, 
Hevea benthamiana, and Heva microphylla shed their leaves almost completely 
before the new growth flushes begin. The degree of flushing depends on 
environmental conditions and individual or clonal variation in the completeness 
of "wintering." Hevea spruceana, H pauciflora, H camporum, H rigidifolia, H 
nitida, and H Guianensis retain leaves of the previous year until after the new 
annual flushes appear and even after the new leaves mature. "Wintering" species 
go through a dormant, leafless period of two to three weeks, followed sequen-
tially by appearance of inflorescences and then rapid growth of new vegetative 
flushes. Senescence and leaf abscission begin with onset of the dry period. 

Species with persistent leaves produce conspicuous short shoots which appear 
as terminal or lateral spurs during the maturation of the growth flush. These 
short shoots, which often are only about 1 cm long, are covered with caducous 
scales and have as many as 100 very compact nodes. In old portions of branches 
these short shoots alternate with long shoots. Wintering species, such as Hevea 
brasiliensis, have small or inconspicious short shoots. Naturally or hand-
pollinated hybrids show that conspicuous short shoots and the persistence of 
leaves are dominant characters. 

In addition to the main annual period of refoliation, growth flushes also 
occur sporadically with a frequency and intensity that vary among individuals 
and clones. Such sporadic flushing seems to be characteristic in clones with a 
dense canopy and also a late "wintering" habit. Clonal differences in the 
"wintering" habit are only evident in regions with a gradual decrease in rainfall. 
In Thailand, Cambodia, and Vietnam, all clones start wintering at almost the 
same time, and the trees remain leafless for a long time (Boychou, 1962). 
Differences in the nature of the dry season are shown by the pronounced dry 
season of Bogambo (ex Belgian Congo) and the less well-defined dry period of 
Yangambi (Evers et αϊ, 1960). Wintering tends to occur faster and is more 
complete in clones with light foliage than in those with dense foliage. In the 
Koppen Afi climate near Beiern (Para, Brazil) there was a difference of two and a 
half months between senescence, leaf fall, and refoliation of some early and late 
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wintering oriental clones planted on alluvial soil (Moraes, 1972). Clones PB 86 
and PB 186 were early wintering and AV 1301 and AV 1279 wintered later 
(Moraes, 1972). Clone PB 86 was also reported to be an early wintering clone in 
Malaysia and the Ivory Coast (Martin, 1969). 

Even near Beiern, where there is no definite dry season, late wintering clones 
grow better than early wintering ones, since the former are affected less by 
South American Leaf Blight because they refoliate during months of low 
rainfall. In Malaysia where leaf fall occurs during a short main dry season, an 
early wintering habit is necessary for avoiding attacks by Oidium and Phyto-
phthora, because refoliation occurs during the drier period (Ho et al, 1960). 

Β. Leaf Senescence and Abscission 

The triggering mechanism of leaf senescence and abscission is uncertain. It is 
known, however, that hormonal control of protein synthesis and general meta-
bolic activity is important in regulating leaf longevity (Chua, 1970). The balance 
between growth promoters and inhibitors is upset by a decrease in the level of 
free auxins in leaves between three and five months before leaves are shed. No 
significant change in kinetin or kinetin-like compounds and abscisic acid or 
other inhibitors was detected during the entire life span of leaves. Young leaves 
from both juvenile and mature trees contain more auxin than mature leaves. The 
decrease in free auxin during October, November, and December is followed by 
an increase (Fig. 2). Such an increase is probably due to release of bound auxin 
in senescing tissues. This is followed by a sharp drop in auxin level at the time of 
leaf fall in February and March. Abscission layers are initiated three to four 
weeks before there is any reduction in chlorophyll content. 

Chua (1970) did not find any additional evidence for formation of kinetin-
like compounds by roots of cuttings or rooted petioles. These roots prevented 
leaves from senescing, as found for other plants, with the effect attributed to the 
action of kinetin supplied by roots to leaves (Chibnall, 1954; Mothes and 
Engelbrecht, 1963). 

Chua (1970) suggested that Hevea roots may act by supplying peptides to 
maintain a high rate of protein synthesis in leaves or by supplying tryptophan 
acid thereby maintaining a high level of auxin in leaves (Bollard, 1956, 1957; 
Morgan and Reith, 1954; van Raalte and Helder, 1969; Medvedev, 1968). These 
effects would be especially important in young trees and could account for their 
lack of periodicity in leaf shedding. In young trees production of new leaves 
exceeds leaf losses. This enables a higher relative production rate of auxin for the 
leaf system of adult trees. The possibility that the root factor is a gibberellin was 
not investigated, but much evidence shows that roots produce gibberellin 
(Butcher, 1963; Carr et aL, 1964; Phillips and Jones, 1964; Skene, 1967; Kende 
and Sitton, 1967; Rien and Burrows, 1968; Jones and Larcy, 1968). 
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Fig. 2 Annual variation of auxin levels in leaves (Chua, 1970). 

Chua's (1970) finding that a decrease in leaf auxin was a factor in senescence 
is consistent with the view that the early or late "wintering" habit of different 
clones is controlled by the crown and is slightly influenced by rootstock origin. 
Such independence of crown behavior is evident in the crown-budded rubber 
trees of Belterra (Para, Brazil near Santarem). 

Waterlogged soils, which may alter the hormone supply from roots to shoots 
(Reid et al, 1969), apparently do not influence wintering time. Oriental clones 
such as AV 1301 and AV 1279 senesced and shed their leaves at the same time 
when growing on upland, well-drained soils in Beiern or on lowland soils with 
impeded drainage (Moraes, 1972). However, hormones supplied by roots must 
play a role in expression of juvenility by seedlings. This probably is due to an 
acropetally decreasing hormone gradient which is maintained in stems only up to 
a height of about 90 cm (Mclndoe, 1958). On the other hand, the capacity of 
petioles of juvenile leaves to root and the induced capacity for rooting of mature 
tissue by leaves of budded juvenile tissue indicate that leaf factors also are 
involved in juvenility (Gregory, 1951). Other evidence of hormonal involvement 
was provided by Chua (1970). He found that application of IAA to leaf blades at 
the time of auxin decrease delayed senescence and leaf fall for three months. 
Leaf senescence was accelerated, however, when IAA was applied at other times. 
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The extremely low levels of auxin found before leaf fall did not resolve 
the question of what external environmental factors control leaf senescence 
or whether it might be governed solely by endogenous rhythms. It may be 
that the mature leaves are very sensitive to short periods of water stress, due 
to high transpiration rates on sunny days during the rainy season. Abrupt 
changes from wet to dry periods might hasten the rest of the process and 
this could explain the uniformity of wintering of different clones in areas of 
well-defined dry seasons. More research is needed to clarify these aspects. 
Studies of species with more persistent leaves as well as further studies of Hevea 
brasiliensis in contrasting climatic conditions may provide important new infor-
mation. It would also be interesting to determine whether water stress increases 
ABA in leaves of rubber as it does in other species (Wright, 1969; Wright and 
Hiron, 1969; Mizaki et ai, 1972; Most, 1971; Loneys and Kridemann, 1973) or 
decreases kinetin (Itai and Vaadia, 1971). 

V. FLOWERING 

Inflorescences arise from the upper scales of terminal short shoots from the 
axils of the lower scale leaves of the new long shoots, and from axils of new 
flush leaves as in Hevea brasiliensis, H. guianensis, H nitida, H benthamiana, and 
H camporum. Hevea brasiliensis and the other species with nonpersistent leaves 
come into flower during the wintering period, but may also flower again in areas 
where an additional shorter dry period occurs (Evers et al, 1960). However, 
species with persistent leaves also flower during dry seasons. Alvim (1972) 
suggested that flower buds of coffee are maintained in a dormant state by a 
relatively high concentration of ABA supplied by the leaves. Internal moisture 
stress associated with lower moisture or high transpiration rates reduces the 
ABA concentration of flower buds, possibly because of reduced translocation 
from leaves. After rehydration, flower buds, now in a state of quiescence or 
imposed dormancy, begin to grow. As mentioned, the terminal or less frequently 
lateral short shoots of Hevea bear dormant flower buds in the axils of the upper 
scale. The flowering mechanism in Hevea might be similar to that suggested by 
Alvim for coffee. 

In species which shed their leaves before flowering, the source of ABA is 
eliminated. Leaf water stress may restrict the supply of ABA in species with 
persistent leaves or in the sporadic flowering periods of the leaf-bearing Hevea 
brasiliensis. This may be the result of additional dry seasons during the year. 
Flower buds along the newly developing long shoots are differentiated when 
leaves are too young to act as an efficient source of ABA. Inflorescences may 
than arise from the axils of lower scales or true leaves of young shoots. Early 
induction of flowering in young plants is also preceded by senescence and leaf 
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fall. After a period of dormancy, new shoots appear with the inflorescences 
(Chua, 1970; Camacho and Jimenez, 1963). 

VI. LATEX FLOW 

This section briefly summarizes the external and internal factors controlling 
flow of latex. For a comprehensive discussion of anatomy of latex vessels, 
tapping methods, and factors controlling latex flow, the reader is referred to the 
work of Buttery and Boatman (1976). 

Hevea species have articulated latex vessels occurring in alternate concentric 
rings around the cambial layer where they originate. Turgor pressures as high as 
10-14 atmospheres in the laticiferous phloem were observed before sunrise 
(Buttery and Boatman, 1964, 1966; Southorn, 1968b). Tapping causes a sudden 
drop of turgor pressure near the cut. Latex is then expelled by elastic contrac-
tion of the latex vessels, followed by a gradual increase in the area from where 
the latex is drained (Paardekooper and Samorson, 1969). 

Diurnal variation in latex yield is highly correlated with variations in atmo-
spheric water pressure. As shown in Figs. 3 and 4, increased transpiration rate 
decreases phloem turgor pressure by increasing xylem tension. 

In Cambodia, Ninane (1967) found a yield decrease to 84% of the 6 AM 
yield of clone PR 107 by tapping at 2 PM. In Malaysia Parrdekooper and 

2 4 6 8 10 12 14 16 18 20 

Fig. 3 Average diurnal variation in water vapor pressure deficit in the air 
( ) and % loss in yield ( ). Adapted from Paardekooper and Sookmark 
(1969). 
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Sookmark (1969) found a 30% decrease in yield until 1 PM and maximum yield 
between 8 PM and 7 AM. Since the early periods of tapping wild rubber trees in 
the Amazon valley, tappers learned to begin work early in the morning or even 
at night. Tapping at night is also reported in Thailand (Paardekooper and 
Sookmark, 1969). 

Xylem tension, caused by transpiration, is not instantaneously transmitted 
down the stem. Higher turgor pressures in phloem were found in the lower stem 
than in the upper stem. Pressure gradients up to a ratio of 6 atm/10 m down the 
stem were found during the day. During the night the corresponding ratio was 1 
atm/10 m (Buttery and Boatman, 1966). These differences accounted for the 
greater influence of atmospheric conditions on latex flow in upper portions of 
the stem as reported by Schweitzer (1936). 

Boatman (1966) made successive tapping cuts before each latex flow was 
completely stopped by sectioning only a few millimeters of the cut surface and 
obtaining new successive flows of latex during the day. This experiment elimi-
nated a widely held view that latex stopped flowing because of equalization of 
phloem pressure with atmospheric pressure. Also, reduction of latex vessel 
lumens near the cut, as suggested by Pyke (1941), Gooding (1952), and Boat-
man (1966), did not prove to be a significant hindrance to the latex flow. 
Sou thorn (1967) found bark contraction of only 60 μιη immediately below the 

Fig. 4 Bark contraction due to tapping (Institut des Recherches du le 
Caoutchoue au Cambodge, 1965). 
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cut surface. He estimated that a latex vessel 20 μπι in diameter contracted only 
3.5-6 μπι. Bark contraction, due to tapping, was also measured in Cambodia 
(Institut des Recherches sur la Caoutchoue au Cambodge, 1965) with similar 
results (Fig. 4). 

Sou thorn (1968a) demonstrated with electron microscopy that latex vessels 
had internal plugs of latex coagulum. Rubber caps formed in the cut surface and 
plugged some of the vessel ends. Lutoid particles in latex, unlike rubber par-
ticles, contain hydrolytic enzymes which are enclosed by a protein/lipid mem-
brane as rubber particles, thus causing gradual plugging of latex vessels near the 
cut. This is probably due to a high osmotic gradient near the cut which causes 
rupture of the lutoid membranes (Southorn and Edwin, 1968). Another possi-
bility could be a sudden change in the bioelectrical field near the cut, due to 
wounding which might depolarize the membranes of lutoids which normally 
have a positive internal and a negative external charge (Lim et al, 1969). 

A "Latex plugging index as a clonal characteristic" has been formulated by 
Milford et al (1969) and has been correlated with responsiveness to yield 
stimulants which are thought to prolong latex flow through a protecting stabiliz-
ing action on lutoid membranes. Obstruction by lutoid damage is individual for 
each latex vessel being plugged. This successively leads to a gradual decrease in 
rate of latex flow. Spillage of the internal content of lutoids during the first 
phase of elastic contraction does not cause plugging because there is still enough 
internal pressure to expel the plugs. 

VII. YIELD 

A. Primary Productivity 

In Malaysia, Templeton (1968) studied growth of H brasiliensis trees up to 
seven years after bud grafting. Clone RRIM 501 trees, between 5.25 and 6.34 
years after bud grafting, with an ideal, completely closed canopy (without 
missing trees due to thinning), could produce 35.5 tons ha"

1
 year"

1
 of dry 

matter. A relatively high photosynthetic efficiency of 2.8% was also reported. A 
caloric content of rubber 2.5 times that of equal dry weight of vegetative organs 
was considered in calculating photosynthetic efficiency. Leaf area index (LAI) 
was established at 5.8 with parallel variations in primary production. Shorrocks 
(1965) found that primary production of H brasiliensis increased from 1 to 14 
tons ha

- 1
 year"

1
 from the first to the fifth year and, by the time the canopy 

closed, 24 tons ha"
2
 year"

2
 of dry matter were obtained. Maximum LAI reached 

a value of 6.3 by the sixth year. It may be expected that growth analysis of 
Hevea pauciflora (Fig. 6) will show even higher primary production, because of 
its dense foliage and very vigorous growth. If so, this should be an additional 
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reason to choose this species for crown budding, in areas where South American 
leaf blight is an endemic disease. 

B. Partitioning of Assimilates 

Templeton (1969a,b) showed that rubber clones varied widely in partition 
coefficients, with close correlation between yield and partition. In clone RRIM 
501, the amount of rubber extracted was 11.1% of the total dry weight 
increment per year in comparison to only 3.0% in RRIM 612. The caloric 
content of rubber must be taken into account for a judicious calculation of the 
partition coefficient. For the synthesis of 1 mole of isoprene, 5 moles of ATP 
are needed. 

Combining the highest primary production and the highest partition coeffi-
cient found in different clones, Templeton (1969b) estimated a peak production 
of 4 to 6 tons ha"

1
 year"

1
 of dry rubber from the fourth to the sixth year of 

tapping. Record yields of farmers approach only half of this estimate and even 
the highest experimental yields are much lower. Nevertheless, Templeton's 
estimates provide a challenge to improve yield especially through research in 
breeding, pest and disease control, physiology, and crop management. 
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I. INTRODUCTION 

This chapter reviews the origin, distribution, and growth control of tea 
[Camellia sinensis (L.) O. Kuntze]. Earlier reviews of environmental require-
ments of tea include those of Eden (1965), Harler (1966), Purseglove (1968), 
and Carr (1972a). 

333 
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The origin of tea is thought to be near the source of the Irrawaddy River in 
Southeast Asia, or possibly further north (Kingdom-Ward, 1950), from where it 
spread into southeastern China, Indochina, and Assam. Its natural habitat was 
therefore in areas of monsoon climate although, under cultivation, it is now 
found under a wide range of climates from the Mediterranean to hot, humid 
tropics. Its distribution in tropical and subtropical regions throughout the world 
is probably more dependent on the supply of labor for plucking than on specific 
environmental requirements. Eden (1965) gives a concise account of the devel-
opment of the tea industry and its spread through Asia, to Africa, and South 
America. Southeast Asia remains the major source of tea with India, China, and 
Sri Lanka producing about two-thirds of the world's supply. Since tea was first 
commercially introduced to Malawi at the end of the last century, cultivation 
has spread to many other African countries of which the principal producers are 
now Kenya, Uganda, Malawi, and Mozambique. In South America small plant-
ings of tea are to be found in Argentina, Brazil, and Peru. 

II. BOTANY 

Commercial tea consists of a heterogenous mixture of hybrids derived from 
two main types (Wight, 1959). The China form, C. sinensis (L.) var. sinensis, has 
relatively small, erect, hard, dark-green leaves, 3-6 cm long with a dull (matt) 
surface, whereas the Assam form, C. sinensis (L.) var. assamica, has supple, 
light-green, drooping leaves, 15-20 cm long with a glossy surface. The China 
form grows into small trees and is more resistant to cold conditions than the 
Assam type, which grows faster to produce fairly tall trees when unplucked. 

In view of the marked variability within the species it is not surprising that 
responses to environmental conditions vary with different populations. Thus, 
there exists the possibility of selecting varieties to suit a wide range of ecological 
conditions. Information on the anatomical characteristics of the species has been 
given by Haan (1939). 

III. PLANT WATER STATUS 

A plant's physiological responses to water deficiency depend upon the devel-
opment of moisture deficits within plant tissues rather than on soil moisture 
conditions. An internal deficit develops when the loss of water from leaves 
exceeds the uptake by roots and depends on atmospheric, soil, and plant factors. 
In recent years there has been an increasing interest in the plant water relations 
of tea stimulated largely by the development of irrigation projects in areas which 
experience marked dry seasons (see, for example, Carr and Carr, 1971). 



Tea 335 

A. Atmospheric Factors 

Transpiration is an evaporative process dependent on solar radiation, tempera-
ture, humidity, and wind speed. A number of investigators have developed 
empirical relationships between one or more of these parameters and evapora-
tion, but the method of Penman (1948), depending as it does on sound physical 
principles, is applicable to a wide range of environmental conditions. Using the 
Penman estimate of potential evaporation from an open water surface as a basis, 
Laycock (1964) calculated that mature tea growing in Malawi transpired at 0.85 
of the potential rate. Subsequent studies in the same area (Willatt, 1971b, 1973) 
indicated that, during periods of readily available soil moisture, the ratio actual to 
potential évapotranspiration was about 0.9 with a reduction during periods of 
drought. Both Laycock and Willatt estimated transpiration rates from changes in 
soil water. In Kenya, Dagg (1970) employing a large hydraulic lysimeter obtained a 
ratio of actual to potential évapotranspiration of 0.9. This was later revised to 
0.8 (Wangati and Blackie, 1971), a value supported by catchment studies. 

While it is evident that under conditions of high soil moisture and low plant 
water stress transpiration depends largely on atmospheric conditions, it should 
be borne in mind that the crop microclimate may be modified by agronomic 
practices such as the use of shade and shelter (Ripley, 1967). Any effects of 
conventional irrigation on temperature and humidity conditions above the crop 
are, however, likely to be short lived (Fordham, 1970), although the frequent 
misting technique employed by some investigators in the U.S.S.R. (e.g., Petinov, 
1961 ; Lebedev, 1961) may have a longer lasting effect. 

B. Soil Factors 

The total amount of water available for transpiration depends on soil textural 
characteristics and pore space distribution within the rooting profile. As this 
water becomes increasingly depleted a stage is reached at which water uptake 
can no longer keep up with potential transpiration rates. It must be appreciated 
that this stage is likely to be reached earlier under high potential rates than low 
ones. 

Willatt (1971b, 1973) studied the reduction in transpiration induced by soil 
moisture depletion in Malawi and found that the ratio of actual to potential 
transpiration began to decrease when soil moisture deficits reached between 20 
and 25 cm. This corresponded to a reduction of approximately 40% in the total 
available water content. 

C. Plant Factors 

Under conditions of plentiful soil moisture, and once a crop canopy has 
closed and is fully intercepting solar radiation, then further increases in leaf area 
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will not significantly affect total transpiration. However, during postplanting and 
postpruning stages there will be a reduction in transpiration proportional to the 
amount of soil exposed (see, for example, Dagg, 1970; Willatt, 1971b). 

Under situations of moisture stress, varieties may respond differently as a 
consequence of differences in the response of their stomata. Highly sensitive 
plants may, for example, respond by closing their stomata under conditions of 
mild stress and thus conserve water. In view of the dual role of stomata in 
affecting both water loss and carbon dioxide uptake, this topic is dealt with in 
more detail later. 

Rooting depth is a major determinant of water availability. A general account 
of root systems of tea has been given by Kerfoot (1962), and more quantitative 
data have been published by Eden (1940) for Ceylon, Thomas (1944) for 
Uganda, Voroncov (1956) for Russia, and Barua and Dutta(1961) for India. In 
general, the roots are concentrated in the surface layer (e.g., Fordham, 1972) 
but roots of tea can, where soil conditions permit, be very deep. In Malawi, 
roots have been found at depths of over 5.5 m (Laycock and Wood, 1963), 
although in areas where high water tables or impermeable soil layers may occur 
(for example, Assam), rooting can be very superficial (Barua and Dutta, 1961). 

Under conditions of a drying soil, water movement is negligible and roots 
must obtain water by extending into moister soil. Root growth in tea is not 
continuous, and Harada et al (1957) observed alternation of shoot and root 
growth of young tea plants growing in glass fronted boxes. Similar findings 
under field conditions in Tanzania were reported by Carr (1971) and in Malawi, 
by Fordham (1972). Fordham also observed cessation of root elongation follow-
ing pruning. 

D. Measurement of Shoot Water Status 

Data on the water status of tea have been collected by two methods, the 
relative water content technique of Barrs and Weatherley (1962) and the 
pressure chamber method described by Scholander et al (1965). 

Although leaf relative water content changes in response to diurnal changes in 
evaporative demand, this method does not appear to be sufficiently sensitive or 
convenient for routine use in field studies. Daytime values of between 95 and 
85% have been recorded for mature tea (Fordham, 1970). 

The pressure chamber, however, has proved to be a very practical method for 
following changes in shoot water status. In general, water status decreases (i.e., 
becomes more negative) during the early part of the day and then levels off until 
a subsequent recovery during the late afternoon (Fig. 1). Carr (1972b) in 
Tanzania found the midday shoot water status to decrease with increasing soil 
moisture deficit, with values of about - 5 bars at field capacity to -15 bars at 
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Fig. 1 Diurnal changes in leaf water potential on irrigated and unirrigated 
tea (after Fordham, 1970). 

potential soil moisture deficits of 32 cm (equivalent to approximately 60% 
depletion of soil moisture). In Malawi, during a period of high potential evapora-
tion, Fordham and Wilson (1969) recorded values of about - 8 bars for irrigated 
tea compared with about - 1 5 bars for unirrigated plants. Green (1971) and 
Williams (1971a) found that, in the absence of significant soil moisture deficits, 
the water status of tea shoots was closely correlated with vapor pressure deficits, 
although some clones of tea appeared to be more sensitive than others. Williams 
also found the more exposed leaves near the plucking table to be more stressed 
than leaves lower in the canopy. 

IV. STOMATAL MOVEMENTS 

Stomata play an important role in controlling exchange of water vapor by 
transpiration and carbon dioxide by photosynthesis. In tea they occur in the 
lower epidermis only, at an average density of about 190 per m m

2
 (Fordham, 

1971a). They are small, with a typical pore size of about 3 X 11 pm(G. R. Squire, 
personal communication, 1974), although variation in both density and size have 
been observedin different clones (Fordham, 1970;Carr, 1972b). Their movements 
have been followed in tea by viscous flow porometry (Fordham, 1968), diffusion 
porometry (Green, 1971), infiltration (Carr, 1971; Fordham, 1971a), and from 
measurement of leaf impressions (G. R. Squire, personal communication, 1974). 

Daytime stomatal closure is induced both by poor water supply from dry soil 

and by conditions of high evaporation (Fig. 2). Fordham (1971a) found that 
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Fig. 2 Diurnal changes in stomatal aperture of unshaded tea (after Carr, 

1970). 

even in soil near field capacity, solar radiation, temperature, and vapor pres-
sure deficit had a depressing effect on stomatal opening. Carr (1972b), study-
ing the effects of shelter breaks, found that while wind induced stomatal closure 
this could lead to a conservation of water, with the result that, during periods of 
drought, exposed plants were stressed less than sheltered ones. 

Stomatal movements are mediated by turgor changes and Carr (1972b) 
recorded a linear correlation between stomatal aperture, as recorded by the 
infiltration technique, and leaf water status, recorded by the pressure chamber 
technique. He also showed that the stomata of some clones were more sensitive 
than others to changes in water status. There is evidence to suggest that water 
stress may have a residual effect on stomatal opening, since Fordham (1971a) 
observed a delay in the opening response of stomata with rewatering following 
drought. Accumulation of abscisic acid (ABA) during periods of moisture stress 
could inhibit stomatal opening but this has not yet been demonstrated in tea. 

G. R. Squire (personal communication, 1974) also observed an inhibitory 
effect of cold night temperatures (below 8°-10°C) on stomatal opening on the 
following day. The mechanism for the inhibition is not known but Squire has 
suggested that it may be a consequence of a reduction in the rate of removal of 
assimilates from the leaf. 
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V. PHOTOSYNTHESIS 

The basis of productivity of all green plants is of course the photosynthetic 
process. This has been examined in tea at various levels of complexity ranging 
from laboratory experiments on excised leaves to field studies on complete 
canopies of mature bushes. 

Photosynthetic capacity develops gradually in young expanding tea leaves and 
does not reach its maximum until the leaf reaches half its final size (Barua, 
1960). The light response curves for leaves of different varieties differ signifi-
cantly (Barua, 1964, 1970) and maximum rates of net photosynthesis appear to 
be of the order of 15-20 mg C 0 2 d m

- 2
 hr"

1
 (Fig. 3). As with other crops, shade 

leaves have significantly lower maximal rates and are about 10 mg C 0 2 dm"
2 

hr"
1
. Barua's measurements were made under controlled environment conditions 

at an ambient temperature of 25°C. Hadfield (1968) examined the effects of leaf 
temperature on photosynthetic rates and found that net photosynthesis declined 
sharply at leaf temperatures above 35°C and between 39°-42°C there was no 
net photosynthesis. Respiration continued up to about 48°C, and above this 
temperature leaf tissues were permanently damaged. 

Studies under field conditions, using the
 1 4

C 0 2 technique, indicate light 

A. Single Leaf Studies 
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Fig. 3 Rate of apparent photosynthesis of mature leaves from four differ-

ent sources. The four sources are (a) progeny of clone 19/29/13; (b) progeny 
of clone 14/5/35; (c) stock 203; (d) Indochina: o - o sun leaves; + - + shade 
leaves (after Barua, 1970). 
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saturation at an irradiance of 250-300 W m"
2
 (G. R. Squire, personal communi-

cation, 1974). Squire's data show reasonably high rates during the Malawi cold 
season at a time when shoot growth is minimal. This emphasizes that current 
assimilates need not always appear as new shoot growth but may be directed to 
other "sinks" within the plant. 

B. Whole Plant Studies 

The extension of single leaf studies to whole plant photosynthesis in tea has 
not yet been carried out in detail. Micrometeorological techniques for determin-
ing carbon dioxide flux (e.g., Slatyer and Mcllroy, 1961) are likely to be 
applicable to extended areas of unshaded tea where they would provide valuable 
data on effects of changing environmental conditions on canopy photosynthetic 
rates. An alternative method of obtaining information on photosynthetic pro-
duction of whole plants is by calculation from a knowledge of both the light 
response of individual leaves and light interception by the crop (Monteith, 
1972). Green (1971) indicated that for tea, about half the incident solar radiation 
was intercepted within the plucking table and that the foliage in this region could 
be self-supporting. This conclusion is not in agreement with the findings of Sander-
son and Sivaplan (1966) who showed, at least for isolated shoots of young tea 
plants, that carbon assimilated by mature leaves was translocated out of these 
leaves both into developing shoot tips and down the main stem, presumably to 
the roots. Alternations in shoot and root growth (Fordham, 1972) indicated that 
the pattern of translocation may vary with environmental conditions. 

Barua (1970) measured the net assimilation rates (NAR) of young plants of 
different tea cultivars growing under varying degrees of shade. In all cases 
maximal rates were obtained under conditions of full sunlight, although absolute 
rates differed among varieties, ranging from 0.12 to 0.17 gm dm"

2
 week"

1
. Data on 

NAR cannot be taken as a direct indication of photosynthetic efficiency since 
increases in leaf area will lead to increased mutual shading of leaves and a 
consequent decrease in net assimilation. However, the plants used in Barua's 
experiments were small and did not form part of a continuous canopy. Under 
these circumstances it is probable that the rates observed are evidence for 
differences in photosynthesis between varieties. The fact that NAR did not 
correlate with harvested yields of plucked shoots from older plants of the same 
varieties may be explained by differences in light interception or partitioning of 
carbohydrates within the plant. 

VI. SHOOT GROWTH 

Shoot growth, a major determinant of yield, has been examined in several 
studies. As in many other tropical crops such as mango and cacao, tea exhibits 



Tea 341 

periods of intensive leaf growth alternating with periods of inactivity. A vegeta-
tive shoot that is allowed to grow uninterrupted unfolds leaves in a normal 
manner until leaf production ceases with the appearance of a small apical 
bud—the so-called "banjhi" (= sterile) bud. Following a period of apparent 
dormancy, described as the banjhi period, growth is resumed with further leaf 
unfolding, known as the flush period, after which the cycle is repeated. A 
detailed account of the phenomenon, as recorded on seed-bearing (i.e., un-
pruned) trees in Sri Lanka, has been given by Bond (1942, 1945) and briefly 
summarized by Eden (1965), Goodchild (1968) extended studies of the shoot 
growth cycle to the regrowth of tea shoots following pruning, and Wight (1955) 
and Wight and Barua (1955) examined the occurrence of the cycle on plucked 
tea. 

It is evident from the literature that shoots can be either periodic or aperiodic 
in the manner in which they produce leaves, and young tea in Malawi has shown 
both types of growth on different bushes that, in other respects, appeared to be 
similar (Fordham, 1972). Individual branches on the same bush also can behave 
differently. Apparently the occurrence of the flushing cycle is not a simple or 
direct response to environmental changes, although these are likely to influence 
the endogenous factors that control the cycle. Bond (1945) suggested that the 
phenomenon might be controlled by competition for nutrients, whereas Kulase-
garam (1969) favored a mechanism involving growth hormones. 

Yield data from many tea growing areas show that tea production occurs in a 
number of peaks and troughs and most observers have inferred that these 
fluctuations are the result of the same type of flushing cycle that occurs on 
un plu eked trees. However, Fordham (1970) called attention to the fact that 
flushing on unpruned trees occurs at intervals of approximately 3 months, 
whereas the marked peaks in tea yields are at intervals of about 6 weeks. This is 
the typical time required for an axillary bud to grow sufficiently large to be 
harvested. When a tea shoot, usually consisting of two young leaves and a bud, is 
plucked apical dominance is lost and regrowth then occurs from axillary buds. 
Fordham postulated that adverse weather conditions could temporarily inhibit 
outgrowth of these buds until the onset of more favorable conditions when the 
buds would all start to elongate at the same time. Within the limits imposed by 
variations in growth rates, the shoots thus attain harvestable size at approxi-
mately the same time, and their removal then leads to a further population of 
axillary buds. This inevitably produces a period of negligible yield during which 
shoots are elongating prior to attaining the required size for the next plucking. 
On reaching this stage, they are harvested and a second peak in production 
occurs. 

It should be emphasized that the period between peaks is therefore one of 
active growth and not dormancy. Because of variations in growth rates and 
consequent differences in starting times for individual shoots, yields will not be 
in clearly defined peaks and troughs indefinitely, but will take on the form of a 
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damped oscillation, until shoot growth is again synchronized—either as a result 
of adverse growing conditions or by deliberate manipulative plucking. The 
effects of weather are therefore twofold—adverse conditions followed by condi-
tions more suited for growth result in a "flush" and the frequency of subsequent 
flushes depends on conditions prevailing during growth of the next generation of 
shoots. 

Little work has been done on quantifying the environmental factors leading 
to inhibition of axillary bud growth but it is likely that both low and high 
temperatures and plant water status are implicated. 

Fordham (1970) developed a model of tea growth which could simulate 
observed yield patterns under growing conditions in Malawi (Fig. 4). He esti-
mated that the time for a shoot to reach a harvestable size was about 9.5 weeks 
toward the end of the dry season, reducing to approximately 6.5 weeks follow-
ing the onset of rains. Subsequent work in Malawi (Williams, 1971b) examined 
growth of shoots in more detail and the model has since been modified to 
include these observations (Palmer-Jones, 1974; Fordham and Palmer-Jones, 
1977). Although there is a need to alter certain aspects of the original model, 
the basic tenets of Fordham's hypothesis remain valid. Further development 
would almost certainly need to take into account the carbohydrate balance of 
tea plants. 

Fig. 4 Comparison between theoretical and observed yield distribution. 
Time at which axillary buds are assumed to have started growing synchro-
nously is indicated by arrow (after Fordham, 1970). 
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Shoot growth rates have been studied in Tanzania by Carr (1970) and in 
Malawi by Fordham (1970) and Green (1971). Of the environmental variables 
only temperature appeared to be significantly correlated with shoot growth. 
Fordham found a small but significant correlation between air temperature 
(expressed as degree hours within the limits of 10° and 30°C) and leaf expan-
sion. He also found a significant reduction in the leaf expansion rate at tempera-
tures below 14.5°C. Green (1971) emphasized the role of shoot tissue 
temperature in preference to air temperature in controlling the rate of shoot 
growth and found that shoot extension was linearly related to leaf tempera-
ture in the range of 20°-35°C. 

Data relating shoot elongation to soil temperatures recorded under grass on 
meteorological stations are difficult to interpret. Soil temperatures may be 
integrating the effects of solar radiation and air temperatures, or they may be 
having a more direct effect on plant growth. In Tanzania shoot growth stopped 
when soil temperatures (0.3 m beneath a grassed surface) fell below 17°-18°C 
and did not resume until soil temperature reached almost 20°C (Carr, 1970). 
Above this value growth rate was linearly related to soil temperature. In Malawi, 
Fordham (1970) obtained similar results with increases in leaf expansion up to 
25°C but with a decline in growth rate at higher temperatures. However, soil 
temperature fluctuations under tea are likely to be less than those under grass 
(Willatt, 1969). 

Experiments in Malawi with controlled environment chambers over tea 
in the field confirmed the inhibitory effects of low temperature on shoot 
growth (Herd and Squire, 1976). Work in Assam has implicated short days 
in shoot growth (Barua, 1969) and interrupting long nights with light ap-
peared to influence shoot growth during winter months. Lebedev (1961) 
stated that very short days did not shorten the development time and growth of 
shoots in Russia. Evidence from Malawi is also conflicting (Fordham, 1970; 
Williams, 1971b) and it is probable that there is an interaction between day-
length and temperature similar to that described by Lockhart and Bonner (1957) 
in the related species, Camellia japonica. 

Of all the factors influencing shoot growth, plant water status appears to be 
the most clear cut and it is possible that the inhibition of growth reported at 
high temperatures is simply a reflection of reduced turgor. Factors leading to 
internal moisture stress have been described in an earlier section. There is a 
wealth of data to show that improved water status can increase shoot growth 
rates (e.g., Ali-Zade, 1950; Carr, 1970, 1974; Fordham, 1970) and the effect of 
irrigation on young plants with small root systems is particularly pronounced 
(Willatt, 1970, 1971a; Fordham, 1971b). Unfortunately most of the effects of 
water on shoot growth have been observed in irrigation studies and although it 
has been separately demonstrated that irrigation increases shoot growth and 
improves shoot water status, no concomitant data on water status and growth 
are available. 
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VII. FLAVOR 

A detailed consideration of tea flavor is beyond the scope of this chapter, 
although it is generally acknowledged that, in addition to varietal and processing 
aspects of flavor development, tea flavors are improved by climatic conditions 
conducive to slow growth. Wickremasinghe (1974) stated that tea flavor in Sri 
Lanka is outstanding during seasons of cool (20°C) dry, windy, bright cloudless 
days followed by cold (6°-10°C) clear nights. 

VIII. YIELD OF PLUCKED SHOOTS 

Perhaps, due to the abundance of both yield and meteorological data, there is 
always a temptation to use statistical techniques to "determine" weather effects 
on production. It should, however, be obvious from the preceding sections that 
it is unlikely that there is a simple causal relation between any single meteorolo-
gical factor and the complex of physiological responses leading to economic 
yield. Such correlations are likely to be relevant only to the regions for which 
they are derived and extrapolation to other areas should be carried out with 
extreme caution. Different environmental variables have been emphasized by 
workers in different countries and they are here considered separately. 

A. Solar Radiation 

Tea is traditionally interplanted with shade trees but in several areas it has 
been established that, like many other tropical crops, tea produces its highest 
yields in full sunlight, provided that nutrient supply is nonlimiting (Murray and 
Nichols, 1966). For example, McCulloch et al (1965) in Kenya and Shaxon 
(1968) in Malawi showed that shade reduces tea crops in these areas. Shaxson 
(1969) subsequently derived a relation between hours of sun and yield. It must 
be appreciated that shade trees will not only influence light conditions but also 
change the entire microclimate surrounding tea bushes (Ripley, 1967). The 
complex nature of the light climate beneath shade trees of different species has 
recently been described by Hadfîeld (1974a). The actual interception of this 
light is further complicated by variations in leaf orientation of different cultivars 
(Hadfield, 1974b). 

B. Rainfall 

Laycock (1958) did not find any correlation between annual tea yields in 
Malawi and either annual or monthly rainfall, although he was able to fit a 
multiple regression equation of yield on rainfall when the latter was grouped 
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into separate seasons. He later derived a highly significant linear relation between 
a weather parameter, based on both rainfall and evaporation, and annual yields 
(Laycock, 1964). Willatt (1971b), in the same area, established significant 
correlations between soil water deficits and subsequent tea yields. The relation-
ship applied to a time of year (September to November) when other environ-
mental factors, such as low temperatures, were unlikely to be limiting. The 
importance of rainfall is also emphasized in Hanna's (1969) studies in Uganda in 
which he used meteorological data to calculate the soil water balance of selected 
tea estates. Hanna concluded that high growth rates, as indicated by yield 
records, depended on readily available water in the surface layers of the soil. 
Multiple correlation techniques have also been applied to yield data for Assam 
(Sen et al, 1966) where both rainfall and temperature were implicated. Clearly 
the distribution of rainfall over time is of paramount importance, although the 
absolute quantities needed to produce maximum growth depend on the atmo-
spheric, soil, and plant factors discussed earlier. 

C. Temperature 

In general, yields of tea are adversely affected if mean monthly temperatures 
are lower than 13°C or higher than 29°C (Eden, 1965) and an optimum 
temperature of 22°C has been postulated by Lebedev (1961). Hasan et al 
(1965) found that for satisfactory tea production in Pakistan, mean monthly 
temperatures should be in the range 18°-29°C and that best growth was 
achieved when the differences between maximum and minimum temperatures 
were least. The beneficial effects of increasing temperature during the cold 
season in Assam are evident in the analyses of Sen et al (1966). In Malawi, 
Green (1971) reported a tendency for poor yield years to be associated with a 
high number of days in which temperatures fell below 21°C. Green also found 
that poor yield years were associated with maximum temperatures above 36°C. 
In considering the effects of temperature on growth it should be remembered 
that leaf temperatures of unshaded plants are likely to be many degrees higher 
than ambient temperature (Hadfield, 1968; Green, 1971; Fordham, 1973). 

IX. CONCLUSIONS 

In view of the complex interactions between environmental variables and 
physiological processes it is impossible to define a single set of optimum 
conditions for crop growth. From a practical standpoint, natural environments 
are undergoing continual change and all agricultural practices must be a com-
promise between the available site and crop requirements. The literature does, 
however, help to define climatic factors which might lower production or 
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adversely affect crop distribution. Tea shoots must be harvested regularly and 
processed immediately and thus crop distribution has important bearings on 
both labor requirements and factory size. In some instances the literature 
indicates ways in which the effects of an adverse environment might be amelio-
rated. 

Although tea may grow satisfactorily under a fairly wide temperature range, 
reduced yields can be expected when minimum temperatures fall below about 
15°C. High temperatures also adversely affect growth, although the effect is 
likely to be influenced by humidity since high saturation deficits may also 
inhibit growth. Temperatures in excess of 35°C are likely to be particularly 
detrimental. Temperature effects can be moderated to some extent by the use of 
shade, although this should be used with discretion if production is not be be 
inhibited by reduced light. 

Given suitable temperature conditions, rainfall distribution is probably the 
most important factor influencing growth. Ideally monthly rainfall should be 
sufficient to replace potential evaporation but in suitable soils, root development 
of mature bushes should enable growth to continue during dry periods, provid-
ing the atmosphere does not become too dry at the same time. In areas having 
dry weather, pruning could be timed to conserve water. 

Periods of adverse weather may be succeeded by synchronized shoot growth 
and this is particularly likely to be so when heavy rain follows a severe drought. 
In such instances the resultant peaks in production may be suppressed by 
manipulative plucking. 

One of the most interesting findings throughout the literature is the differ-
ence in response of different cultivars and it is clear that clones could be selected 
to suit a wide range of climates. In areas with seasonal variation in, for example, 
rainfall and temperature, it might be advantageous to select various clones for 
production at different times of the year in order to even out factory intakes. 
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In recent years, several monographs and textbooks on cultivation of the 

African oil palm (Elaeis guineensis Jacq.) have been published (Anonymous, 
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1966; Ferwerda, 1962, 1971; Hartley, 1967; Purseglove, 1972; Surre and Ziller, 
1963; Turner and Gilbanks, 1974; Wastie and Earp, 1973; Williams and Hsu, 
1970). Specific information on the ecophysiology of the oil palm may be 
found in Prévôt (1961), Hartley (1970), and Corley (1973). This chapter dis-
cusses growth and development of the oil palm as affected by the environment. 
Emphasis is given to some controversial views following Hartley's and Corley's 
papers and to recent developments. Unpublished results of some investigations 
carried out on ecophysiology of oil palm at the Agricultural University of 
Wageningen are included. 

A. Botany 

The African oil palm, Elaeis guineensis Jacq., belongs to the family of the 
Arecaceae (formerly called Palmae). Its nearest relative is the American oil palm, 
commonly known as Corozo oleifera (HBK) Bailey or Elaeis melanococca 
Gaertn., but according to Wessels Boer (1965), it is more correctly Elaeis 
oleifera with which it can be readily crossed. It has a columnar well-developed, 
unbranched stem, 25-75 cm in diameter, which continues to increase in height 
as long as the palm lives. This may be more than 127 years, the age of two 
planted palms in the botanical garden of Bogor, Indonesia, but the life of 
plantation palms is usually terminated for economic reasons when the stems 
have attained a height of 10-11 m at an age of 25-35 years. The root system of 
adult palms consists of some 8000-10,000 adventitious primary roots, 4 -10 mm 
in diameter, emerging mainly from the subterranean basal bole of the stem. Most 
of these roots grow more or less horizontally between 20 and 60 cm below the 
soil surface; individual roots may attain a length of 15-20 m. Some roots grow 
vertically downward. In deep, well-drained soils of good structure they com-
monly attain depths of 3 m and occasionally have been observed as deep as 9 m. 
Secondary roots, 2-4 mm in diameter and up to 150 cm long, emerge from the 
primary roots. Slightly more than half of them are ascending and almost reach 
the surface of the soil. Tertiary roots, 1-2 mm in diameter and 10-15 cm long, 
grow almost horizontally from the secondaries. They are most abundant on the 
secondary roots near the soil surface. Numerous quaternary roots, 0.5 mm in 
diameter and up to 2 cm long, are produced on the tertiaries. The tertiary and 
quaternary roots near the soil surface form a thick mat in the top 10 cm of the 
soil. 

Under favorable conditions the crown of adult palms consists of 40-50 
opened, green parapinnate leaves, produced at a rate of approximately two per 
month. Hence the functional life of an opened leaf is about two years. The 
number of juvenile leaves in various stages of development between the apical 
meristem and the youngest opened leaf is approximately the same, so that some 
four years elapse between the initiation of a leaf at the growing point and its 
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death. Individual leaves are 5-7 m long and are composed of a rachis with 
100-160 pairs of linear leaflets and a petiole with spines. 

The length of the individual leaflets in the middle of the rachis is about 100 
cm; they are shorter near the top and much reduced in size near the petiole. On 
planted palms the bases of dead leaves remain attached to the stem until the 
palm is 15-17 years old; on semiwild and wild palms much longer. The influence 
of the age of the palm on the area of its individual leaves and on the leaf area 
index (LAI) of a plantation is illustrated in Fig. 1 (Williams and Hsu, 1970). The 
LAI is an important criterion for the condition of oil palm plantations. It is 
closely related to dry matter production (Corley et al, 1973), as may be seen 
in Fig. 2. From this it is apparent that the optimum leaf area for total dry 
matter production is not the same as that for production of palm oil. The 
amount of dry matter used per palm for production of vegetative tissues is fairly 
constant. When the requirements for vegetative growth are satisfied, the excess 
dry matter is used for production of fruit bunches. 

The palm is monoecious. The inflorescence, which is either male or female 
and only rarely hermaphroditic, is a spadix. One inflorescence is formed in the 
axil of each leaf shortly after its differentiation from the stem apex. The sex of 
an inflorescence on an adult palm is determined about nine months after its 
initiation, but another 24 months elapse before it is ready to flower. Not all 
inflorescences reach this stage, however. During the period of rapid elongation, 
5-6 months before anthesis, some of them abort. The number of individual 
flowers per inflorescence varies between cultivars, and increases with the age of 
the palm. The individual flowers of a female inflorescence usually open within 
three days and remain receptive for three to four days. The flowers of the male 
inflorescences shed their pollen within five days. Although self-pollination is not 

Fig. 1 Leaf area per palm and leaf area index (LAI) of palms of different 
ages from southern Malaysia (Williams and Hsu, 1970). 
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Fig. 2 Relationship between crop growth rate (CGR), yield, and leaf area 
index (Corley, 1973). 

excluded, cross-pollination is the rule. The fruit is a sessile drupe with a fleshy 
mesocarp and a hard endocarp surrounding usually one, occasionally two, and 
rarely, three seeds. The mesocarp of ripe fruits contains 45-50% of an orange-
red colored edible oil, containing approximately equal parts of saturated and 
unsaturated fatty acids. The ripe seed, commonly called kernel, contains 4 8 -
52% of an almost colorless oil, predominantly composed of saturated fatty acids. 
Fruit bunches develop from fertilized inflorescences in 5-6 months. 

B. Propagation 

Up to the present time oil palms have been propagated exclusively by seed. In 
plantation practice a "seed" is the proper seed surrounded by the hard endocarp. 
Methods of vegetative propagation are unknown, but the possibilities of propaga-
tion by means of tissue culture are being investigated (Jones, 1974; Staritsky, 
1970). When seed is planted in moist sand, germination is irregular and may take 
6-12 months. Various techniques to improve the rate of germination by means 
of heat treatments have been developed, both in Africa and in the Far East. At 
present only two methods are commonly in use, viz., the wet and the dry heat 
germination. The first technique consists of exposing previously soaked "seeds" 
placed in closed polythene bags to 38°-40°C in incubators. The seeds, which 
have germinated, are removed, and planted directly in the prenursery or nursery. 
The second technique consists of heating seeds containing about 18% moisture 
in the same way. No germination occurs during this process, but following this 
treatment during 30-60 days it is ready for germination at ambient temperature 
after bringing the moisture content up to about 22%. At present the classic 
prenursery beds have been largely replaced by polythene bags about 15 X 20 cm 
in size when laid flat. 
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Seedlings may be raised during some 4 months in these polythene bags before 
transferring them to a field nursery or to a polythene bag nursery. The latter 
consists of heavy quality polythene bags 30-38 X 45-60 cm in size, filled with 
good soil. Plants raised in polythene bags are easier to handle, but they cannot 
be kept much longer in these bags than scheduled, and their watering requires 
more attention than that of plants raised in field nurseries. 

C. Field Planting 

When the palms are 12-14 months old from the germinated seed stage, they 
are ready for planting out in the field. Field nursery palms require some leaf 
pruning with a view of reducing transpiration and are lifted with a ball of earth, 
which is protected with a gunny sack or polythene sheet. Polybag nursery palms 
require little special care. The spacing in the field is usually triangular and about 
9 X 9 m, corresponding with 143 palms per net hectare planted. It is good 
plantation practice to keep the land permanently protected by means of creep-
ing soil cover crops such as Pueraria phaseoloides, Calopogonium mucunoides, 
and Centrosema pubescens. A vegetable mulch applied around the young palm 
after planting out may help to keep the soil locally moist and cool during 
prolonged dry spells. 

D. Field Maintenance 

Field maintenance includes circle and path weeding and control of the cover 
crop. After planting, a circle with a radius of about 100 cm around each palm is 
kept weeded, which should be increased as the crown expands with a view to 
preventing the stemless palm from being overgrown by the cover crop of weeds. 
Later weeded circles and paths are required to facilitate harvesting and disease 
control. 

Pruning of young palms, which produce too little to be harvested, is limited 
to periodic removal of dead leaves and young inflorescences just after their 
emergence. Pruning of producing palms may include removal of some green 
leaves to facilitate harvesting, but it has been known for many years that this 
should be restricted as much as possible (Turner, 1974). Although there is no 
evidence that stem and crown epiphytes reduce bunch yield, it is common 
practice to remove them periodically to facilitate harvesting. 

E. Fertilizing 

Fertilizing has become standard practice in oil palm nurseries and field 
plantings and may include adding both major nutrients and trace elements. 
There has been considerable progress during the last 30 years in diagnosis of 
nutritional déficiences by means of external symptoms, leaf analysis and, to a 
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lesser extent, soil analysis. Although initial expectations about the reliability of 
leaf analysis as a diagnostic tool proved to be unfounded, analyses of leaves and 
other parts of the palm have undoubtedly contributed to a much better under-
standing of its nutritional requirements. Labeled plant nutrients have been 
successfully used tö study placement and type of fertilizers. 

F. Plant Protection 

Control of pests and diseases in nurseries and field plantings by means of 
chemical pesticides is common practice in most plantations. Little progress has 
been made up to the present time in development of effective biological control 
methods. Mammalian pests, especially pigs and rats, are more important in oil 
palm cultivation than in most other crops. The former can be controlled by 
fences and hunting, but the latter are rather difficult to control without the use 
of poison baits. 

G. Harvesting 

Economic harvesting may commence during the second half of the third year 
after field planting. From young, almost stemless palms the fruit bunches may 
be removed by means of a chisel, without removing any leaves. For rough-
stemmed palms, which can be climbed easily without a ladder, a cutlass or a 
harvesting axe is the usual tool. At present, smooth-stemmed palms are often 
harvested with a hooked knife mounted on a pole, but the traditional way of 
climbing the palm by means of a sling and cutting the fruit bunch with a 
harvesting axe or cutlass is still in use in Africa. 

H. Breeding 

The object of oil palm breeding is to increase the yields of oil per hectare and 
per annum and to improve the quality of the oil. Emphasis is usually given to the 
yield of palm oil, although the contributions of the kernels to the economy of a 
plantation are by no means negligible. The oil yield per hectare is the product of 
the number of palms per hectare X the number of fruit bunches per palm X the 
mean bunch weight X the fruit/bunch ratio X the mesocarp/fruit ratio X 
oil/mesocarp ratio. The interrelationships and heredity of these yield compo-
nents have been the subject of extensive investigations during recent years 
(Hardon et al, 1973). Another important breeding criterion is the annual height 
increase of the stems, which determines the length of the economic life of a 
plantation to a large extent. Finally, breeding for resistance against diseases, 
such as the wilting diseases caused by Fusarium oxysporum and Ganoderma 
spp., is receiving more and more attention. 
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II. GEOGRAPHY 

Most geographic factors affect growth and development of plants through 
changes in other ecological factors, such as solar and terrestrial radiation, heat, 
water, atmospheric gases, and biotic factors. These are briefly reviewed and 
discussed in some detail only if their effect is more or less direct. 

The longitude of a habitat is of no ecophysiological significance. The latitude, 
however, is very important because it affects the annual course of radiation and 
temperature. The distance and direction from the coasts of seas and large lakes 
work through the climate of the habitat. A review of the habitats of semiwild 
palm groves in Africa was given by Zeven (1967). Outside of Africa extensive 
semiwild palm groves exist only in Brazil, where they form a narrow belt along 
the Atlantic coast between 13°S and 14°S. Smaller areas may be found further 
north in the states of Sergipe, Alagoas, Pernambuco, and Para (Hartley, 1967). 
Other small areas and groups of scattered palms may be found in several other 
regions of the humid American tropics. It is usually difficult to trace their origin, 
but it seems likely that they were introduced as seed by African slave labor. 
Commercial oil palm plantations and experimental plantings have been estab-
lished in many countries of the humid tropics between about 16°N and 10°S. In 
Africa and Asia commercial planting commenced before World War I; in America 
during and after World War II. 

A. Erosion 

Erosion by water removes the soil from between the tertiary and quaternary 
feeding roots near the soil surface, in particular in the weeded circle. Exposed 
roots dry up and die, so that the absorbing capacity of the root system is 
reduced. Although no experimental evidence is available, it is often quite 
obvious that palms growing under these conditions undergo water deficits and 
nutritional deficiencies. On the other hand, the dense mat of tertiary and 
quaternary roots near the soil surface, the cover crops, and the almost closed 
canopy of the crowns provide very effective protection against soil erosion. For 
this reason soil conservation works are not considered necessary. In Malaysia 
slopes up to 5° and 10° usually require some form of conservation if the soils 
have a tendency to erode (Williams and Hsu, 1970). Erosion caused by wind 
does not occur in the humid tropics and is therefore of no importance for oil 
palm cultivation. 

B. Topography 

The major topographic elements affecting plant growth and development are 
relief, slope angle, slope direction, and altitude of the land. They all work 
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through the local climate of the habitat. In addition the relief works through the 
drainage of the land, the slope angle through the ratio between runoff and 
infiltration of water, and the altitude through many biotic factors. These are 
discussed later. Most commercial plantings have been made on land with slopes 
up to about 20°, mainly for technical and economic reasons (Williams and Hsu, 
1970), and only limited ecophysiological considerations. 

III. WEATHER AND CLIMATE 

The effects of wether and climate will be discussed by analyzing the effects 
of the major elements, including radiation, temperature, water, and air. Most 
commercial plantings have been established in regions where the rainfall is in 
excess of évapotranspiration during at least nine months of the year, viz., in 
regions with climates classified as Af and Am by Koppen, or climates of the 
Equatorial Zone according to Walter (1973). 

A. Radiation 

Only solar radiation is considered under this heading. There is no information 
on the influence of cosmic radiation, while terrestrial radiation works mainly 
through soil and air temperature. 

/. Wavelength 

Field palms are normally grown under full sunlight, but prenursery palms 
and nursery palms are sometimes shaded, while young palms in replan tings 
and in semiwild groves are usually shaded. Shading may be provided by 
screens made from palm leaves, wooden slats, Saran cloth, or living trees. 
Screens reflecting part of the radiation are not likely to affect its composition 
to a large extent. Light transmitted by living leaves, however, is relatively poor in 
the red and blue wavelengths. This, in addition to the effect of a lower intensity 
of solar radiation, may explain the increased size of whole plants and leaves of 
palms grown under the canopy of living leaves in comparison with palms of 
comparable morphogenetic age grown under full sunlight. From replanting 
experiments in Zaire (Ferwerda, 1955) it may be deduced that replanted palms 
growing under the canopy of an old plantation have longer leaves than palms 
with the same cumulative leaf production growing in full sunlight. This is also 
shown by the annual height increase of rough-stemmed palms growing under 
higher smooth-stemmed palms in a Nigerian semiwild palm grove (Zeven, 1967). 
The mean annual height increase of the rough-stemmed palms was 106 cm; that 
of the smooth palms only 30 cm. 
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2. Light Intensity 

Photosynthesis is known to be quantitatively related to the intensity of 
the photosynthetically active part of the radiation, which corresponds approxi-
mately to visible light. When the sky is clear, light intensity at the equator 
varies between monthly minima of 1410 J cm"

2
 day"

1
 in June and December 

to about 1540 J cm"
2
 day"

1
 in March and September. At 10°N, however, 

there is already a distinct minimum of 1218 J cm"
2
 day"

1
 in December and 

a period of intensities over 1500 J cm"
2
 day"

1
 from March to September. 

When the sky is cloudy, these intensities are reduced to only 20% of the 
intensities on clear days, corresponding with a reduction in potential photosyn-
thesis of about 50% (De Wit, 1965). It is not surprising, therefore, that dry 
matter production of oil palm seedlings during the first 13 weeks after germina-
tion is already related to light intensity. When 50% of natural daylight was 
intercepted by bamboo slats, reduction of dry matter production amounted to 
24% for whole plants, 21% for aerial parts, and 33% for roots (Ferwerda, 1955). 

Sparnaaij et al (1963) found positive correlation between the number of 
effective sunshine hours per annum and yield of fruit bunches. They defined 
"effective" sunshine as total sunshine received during periods of moisture 
sufficiency plus a fraction of the sunshine received during periods of moisture 
stress, decreasing with the duration of moisture stress. Despite a somewhat 
arbitrary estimation of the influence of water deficit on the effect of sunshine, 
yields per palm increased by about 5.7 kg per increase of 100 hr of effective 
sunshine. Extrapolation of these figures to Malaysian conditions with values of 
2400 hr or more of effective sunshine would give mean annual yields of about 
125 kg per palm, or about 18 tons per hectare. These yields are obtained on 
comparable sandy soils in Malaysia, but yields on coastal clays usually are much 
higher (Williams and Hsu, 1970). It is evident, however, that positive or negative 
deviations from the calculated mean yield of some 25 kg per palm are within the 
fiducial limits. It would seem, therefore, that the influence of moisture stress is 
underestimated and/or that the potential yield of the Nigerian planting material 
is less than that of the Malaysian plants. The results obtained with genetically 
identical planting material at La Mé, Ivory Coast, and San Alberto, Colombia 
seem to confirm the beneficial effect of more sunshine in the absence of water 
stress (Table I). 

Data obtained at La Arenosa estate near Turbo in Colombia, however, seem 
to cast serious doubt on this explanation (Coldesa, 1974). Despite an annual 
number of sunshine hours, which is even lower than that at Benin, and a dry 
season lasting an average of 75 days, yields of the young palms were suggestive 
of potential yields comparable with those obtained at San Alberto and in 
Malaysia (Table I). Perhaps the true explanation of the high correlations found 
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TABLE I 
Fruit Bunches per Hectare and per Annum in Various Regions 

Plantation 
Sunshine 

hours Planting material tons/ha Age 

La Mé, Ivory Coast 1781 D Χ Ρ La Mé 14-15 (adult) 
San Alberto, Colombia 2070 25-27 (adult) 
Turbo, Colombia 1470 D Χ Ρ Malaysia 16-19 (5th-6th year) 

D Χ Ρ Malaysia 15-18 (4th-5th year) 
D Χ Ρ Surinam 14-21 (4th-6th year) 
D Χ Ρ La Mé 13 (3rd year) 
D Χ Ρ Coldesa (Turbo) 13 (3rd year) 

by Sparnaaij et al (1963) between effective sunshine and yield is that their 
estimate of the effective sunshine during the dry season is in fact an estimate of 
the degree of water stress suring that period. 

3. Periodicity 

Annual variations in duration of daily solar radiation are sufficiently large 
within the range of the oil palm to affect growth and development of many 
annual tropical plants, such as rice, cowpeas, and sesame. At about 16°N, 
the latitude of a commercial plantation in Honduras, the duration of the 
shortest day between sunrise and sunset is 11 hr 10 min and that of the longest 
day 13 hr 05 min. The duration of civil twilight at this latitude varies only 
between 21 and 24 min. The bunch yield of this plantation has a very irreg-
ular distribution throughout the year. There is almost no yield from January 
to May as compared with some 90% during June to December, with a high peak 
during the period of September to November (Hartley, 1967). It is unlikely, 
however, that these differences are related to variations in daylength. Young 
stemless palms submitted to constant daylengths of 10y, 1 ly , 12γ, and 1 3 j h r , 
respectively, but receiving the same quantity of photosynthetically active light, 
showed no differences in leaf production after 28 weeks (J. D. Ferwerda, 
unpublished data, 1965). In view of the size of the palms, the experiment was 
continued with four palms per treatment until appearance of the first inflores-
cences. Then the palms were dissected to determine the presence of immature 
inflorescences (Table II). 

Despite the small number of palms, the differences in production of new 
leaves between individual palms at the end of the experiment varied only 
between 15 and 17. The number of inflorescences in the axils of the 15 youngest 
leaves, including the spear leaf and five immature leaves preceding the spear leaf, 
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TABLE II 
Influence of Constant Daylengths on Young Stemless Palms

0 

Inflorescences in axil of 
leaves - 5 to +15 (20) 

Daylength 
New leaves/palm 

(9-28th week) 
New leaves/palm 

at conclusion Absent Present Aborted 

10 hr 30 min 8.37 16.0 2.0 16.0 2.0 
11 hr 30 min 8.53 16.8 3.1 13.8 3.1 
12 hr 30 min 8.50 16.0 0.0 16.5 3.5 
13 hr 30 min 8.33 15.8 3.8 14.2 2.0 

a
Mean initial leaf number 19. Leaves at the conclusion of the experiment numbered 

from the spearleaf = +1. 

however, varied between only 2 well-developed + 9 aborted inflorescences and 
20 well-developed + 0 aborted inflorescences, but these large differences were 
not related to the treatments. 

B. Temperature 

The influence of temperature on growth and development of the oil palm 
cannot be easily studied because of its size. Most information on temperature 
requirements has been deduced from the geographic distribution of wild, semi-
wild, and planted palms. Experimental work has been carried out on the 
temperature requirements for germination, regulation of soil temperature in 
nurseries (Hartley, 1967), and temperature requirements for growth of seedlings 
and young stemless palms. Four aspects of temperature will be considered, viz., 
mean temperature, its annual variation, its daily variation, and the influence of 
extreme temperatures. 

/. Mean Temperature 

The annual mean temperature within the geographic distribution of com-
merical plantings is between 24° and 28°C, but fruiting semiwild palm groves 
occur near the equator at least up to 1300 m and, according to older obser-
vations even higher (Zeven, 1967). This means that the lowest annual mean 
temperature supporting palms may be close to 20°C. Growth of young 
seedlings is arrested at 15°C (Henry, 1957). J. D. Ferwerda and J. Ehrencron 
(unpublished data, 1975) studied growth in a Phytotron of young stemless 
palms with initially about nine leaves at different temperatures (Table III). 
The rate of leaf production showed an almost linear increase with mean tem-
perature in the range 12°-22°C. The increase in mean dry weight of single 
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TABLE III 
Growth of Young Stemless Palms at Different Temperatures in a 

Phytotron
0 

Temperature (°C) Leaves after 4 months 

Light (12 hr 15 min) Dark (11 hr45 min) Mean Number % Weight (g) % 

32 22 27 6.5 100 19.7 100 
27 17 22 6.0 92 17.1 87 
22 12 17 3.6 55 12.3 62 
17 7 12 0.5 8 1.5 8 

ö
Light (52, 500 lux at plant level) provided 12 hr 15 min per day. 

leaves showed a similar relation. Higher temperatures had much less effect 
on growth. It seems likely that annual leaf production of adult palms increased 
with the annual mean temperature as well, but direct comparisons of genetically 
identical planting materials are not available. Although the highest bunch yields 
are obtained in regions with annual mean temperatures between 25° and 27°C, 
the distribution of the semiwild palm groves suggests that the oil palm is well 
adapted to much lower temperatures. 

2. Annual Variation 

The difference between the highest and the lowest monthly mean tem-
peratures within the geographic distribution of the commercial oil palm 
growing regions of the world vary between only 1.1°C for two sites mentioned 
by Hartley (1967) in Malaysia, 3.8°C for a plantation at about 16°N in Hon-
duras and 5.8°C for the semiwild groves at 12°S-14°S in Bahia, Brazil. The 
oil palm belt of equatorial West Africa is intermediate with temperature dif-
ferences just over 3°C. The highest yielding plantations are found in regions 
with the smallest annual variation of monthly mean temperatures. In view of the 
relation between leaf production rate and mean temperature it seems unlikely 
that monthly variations in yield are related to temperature in regions with the 
largest annual variation in monthly mean temperature. The lowest temperatures 
will hardly slow down the growth rate and therefore not increase the time 
between appearance of consecutive inflorescences. Low temperatures may in-
crease abortion of inflorescences before anthesis, however, and slow down the 
ripening of fruit bunches. High temperatures may have the opposite effect. 
This may account for the very irregular distribution of bunch yield in Honduras, 
which has a very pronounced peak in September, October, and November and 
almost no yield in January-April (Hartley, 1967). The highest production of the 
Bahia groves, on the contrary, seems to occur between November and March. 
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3. Daily Variation 

The annual mean of the daily variation in temperature in the oil palm re-
gions of the world listed by Hartley (1967) varies between 4.8° and 11.2°C, 
but 50% is in the narrow range of 8°-10°C. The highest yielding plantations 
are found in regions with an annual mean daily variation of temperature 
within this range. Although the monthly means of daily variation of tempera-
ture tend to be somewhat higher during the driest periods of the year, the 
annual variation of these monthly means is surprisingly small. As the driest 
periods usually correspond to the coldest periods, the adverse effects of low 
temperatures may be accentuated. 

4. Extreme Temperatures 

Very little is known about the effect of extreme high or low temperatures on 
growth and development of the oil palm. The absolute maximum in the oil palm 
regions of the world is about 38°C, the absolute minimum 8°C, but daily maxima 
exceeding 34°C and daily minima below 14°C are exceptions (Ferwerda, 1962). 
Brief exposures to temperatures exceeding 38°C and below 8°C are not lethal, 
however. Palms are occasionally exposed to higher temperatures during short 
periods in our greenhouses on clear and hot summer days without visual damage. 
Although palms exposed to day temperatures of 17°C and night temperatures of 
7°C for 4 months in a Phytotron practically stopped growing and became very 
chlorotic, they were still able to resume growth under normal temperature 
conditions. 

C. Water 

Water requirements of the oil palm have been studied by several investigators. 
The results have been somewhat contradictory and inconclusive, to some extent 
at least because of incorrect interpretations of the data (Hartley, 1967; Surre 
and Ziller, 1963). 

/. Humidity of the A tmosphere 

AU information available on the relation between growth and develop-
ment of the oil palm and atmospheric humidity appears to be circumstantial. 
Wormer and Ochs (1959) demonstrated a parallelism between stomatal aper-
ture and relative humidity changes during the day, but relative humidity is 
closely related to other climatic elements showing daily fluctuations, such 
as air temperature and soil moisture content. The same conclusion may be 
drawn from the observations of Rees (1961) on the relationship between 
stomatal opening, air temperature, and soil moisture. In one of the general 
textbooks (Surre and Ziller, 1963) a relative humidity of at least 75% is con-



364 Jan-Dirk Ferwerda 

sidered favorable for growth and development without other evidence than 
that these humidities obtain in the principal zones of production. The well-
known beneficial effects of watering nurseries during prolonged rainless periods, 
and the spectacular effect of irrigation on producing palms under similar condi-
tions (Maillard et al, 1974), suggest that atmospheric humidity is of secondary 
importance, as these localized applications of water are unlikely to have much 
effect on air humidity. 

2 Soil Water 

The influence of soil water on growth and development has been the subject 
of several studies during the last 20 years. Curiously the fundamental investiga-
tion by Ringoet (1952) on transpiration and water balance of cacao, coffee, and 
oil palm is not even mentioned in the bibliographies of the two leading text-
books (Surre and Ziller, 1963; Hartley, 1967). Ringoet (1952) found a distinct 
effect of soil moisture content on the transpiration coefficient (Table IV). The 
range of the soil moisture content studied corresponded with the annual range 
occurring at Yamgambi (Zaire) in a local Oxisol. Comparison of the mean 
transpiration coefficients of oil palm and coffee with those of other plants 
cultivated or growing in the same region gave the following results (Table V). 
Oil palm had a relatively low transpiration coefficient (Table V). In addition, 
the large range of transpiration coefficients of the oil palm as compared with that 
of the other plants reveals its high adaptability to changes in soil moisture, a 
characteristic of xerophytic plants. 

Wormer and Ochs (1957, 1959) confirmed and supplemented Ringoet's 
findings. They found a relationship between available soil moisture and transpi-
ration, stomatal aperture, and Ν and Ρ content of oil palm leaves. When the 
moisture content of the soil decreases, transpiration is unaffected until a critical 
moisture level, well above the wilting point, is reached. After that transpiration 
decreases and practically stops at the wilting point. The height of this level 
depends on the climatic factors determining transpiration. The degree of sto-

TABLE IV 
Effect of Soil Moisture Content on Transpiration Coefficient of 

Young Oil Palms and Young Coffee Trees 

Transpiration coefficient 

Soil moisture (%) Oil palm Coffee (Robusta) 

11 164 515 
15 380 606 
19 337 613 
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TABLE V 
Mean Transpiration Coefficients of Various Plants at Yangambi** 

Mean Range of mean 
transpiration for 11-19% 
coefficient soil moisture 

Oil palm (Elaeis guineensis) 294 115 
Upland rice (Oryza sativa) 413 50 
Robusta coffee (Coffea canephora) 578 20 
Palisotha thyrsiflora (wild plant) 618 10 
Cacao (Theobroma cacao) 866 -

fl
(Ringoet(1952). 

matal opening appears to be a reliable measure of transpiration and may easily 
be estimated by an empirical method. The discovery of positive correlations 
between the moisture content of the soil and the Ν and Ρ content of the leaves is 
of paramount importance for interpretation of results of leaf analysis. 

Rees (1961) and Rees and Chapas (1963) provided additional evidence on the 
relationship between soil moisture and transpiration of nursery palms, which 
confirmed the results of Ringoet (1953) and Wormer and Ochs (1959). 

3. Precipitation 

The mean annual rainfall is perhaps the most misused climatic element 
in comparative studies on ecology of the African oil palm. Its value as a 
direct measure of available water is strictly limited to the site on which the 
palms are grown. When comparing growth and development of oil palms in 
different regions, more accurate estimates of the available water will be required, 
necessitating estimation of potential évapotranspiration and the available water 
stored in the soil. The mean annual precipitation in 25 of the 28 oil palm regions 
of the world listed by Hartley (1967) varies between 1531 mm at Sibiti (Congo) 
and 3634 mm at Jerangau (Malaysia). Extremes are 1217 mm at Pobé (Da-
homey), 5093 mm at Barrancabermeja (Colombia), and 8430 mm at Adenau 
(Cameroun). A very important factor for a continuously growing and fruiting 
evergreen perennial such as the African oil palm is the distribution of precipita-
tion. Prolonged, virtually rainless periods may cause gradual drying of soil in the 
root zone to below the permanent wilting point. Depending on the depth of the 
soil, its water holding capacity, and the height of the ground water table, this 
may affect growth and development to a greater or lesser extent. An early 
reaction of the oil palm to water stress is midday closure of the stomata during 
the hours of maximum potential évapotranspiration, e.g., around 3 PM (Hartley, 
1967). This period gradually becomes longer on successive days and eventually 
the stomata remain closed during most of the day. Together with the semixero-
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morphic structure of the leaves, this provides effective protection against desic-
cation. A conspicuous effect of water stress for several months is failure of spear 
leaves to open, eventually resulting in a crown with up to six or more elongated 
unopened leaves. During the same time the oldest leaves continue to die at a 
normal or even increased rate, so that the number of functional green leaves in 
the crown is reduced. It is not likely, however, that this reduction of some 10% 
of the leaf area has more influence on photosynthesis than corresponds with the 
reduction in leaf area, because the average age of the functional leaves is higher. 
Broekmans (1957) has shown that floral abortion about five months before 
anthesis was related to the intensity of the dry season. This has been confirmed 
in Malaysia (Corley, 1973). Corley also reported that this preanthesis abortion of 
inflorescences may be predominantly female, resulting in an apparent change in 
sex ratio not resulting from the sex differentiation shortly after the initiation of 
the inflorescence. He also stated that moisture stress had a direct effect on sex 
differentiation, resulting in a higher production of male inflorescences 20 
months later. He concluded that the data of Broekmans (1957) and Sparnaaij et 
al (1963), after correction for the influence of the abortion on the apparent sex 
ratio, confirmed these findings. However, it appears difficult if not impossible to 
unravel the direct and indirect effects of moisture stress on sex ratio if moisture 
stress is an annually recurring phenomenon during the dry season, as is the case 
in West Africa. 

Ng and Goh (1970) showed that fruit set, fruit/bunch and oil/bunch in 
Malaysia were negatively correlated with rainfall at anthesis 160 days earlier 
(Corley, 1973). This obviously was due to the reduction in atmospheric pollen 
density caused by rainfall, as shown by Hardon and Turner (1967). It seems 
likely that these phenomena are positively correlated with the number of rainy 
days. It has been suggested that drought may be one of the causes of the sudden 
death of adequately pollinated bunches 2-4 months after anthesis, a condition 
called bunch failure by Turner and Bull (1967), but no conclusive evidence is 
available. 

It is useful to reexamine early studies on the relationship between precipita-
tion and annual yield of oil palm in the light of the recent research. Sparnaaij et 
al (1963) found "little or no agreement about the period of time between the 
occurrence of a particular climatic condition and its effect on production, or 
about the climatic factor or factors responsible for the major yield fluctuations." 
This is hardly surprising, first, because one important point was overlooked, 
namely, that it is not the number of months between the climatic or edaphic 
condition determining sex of the inflorescence and anthesis that should be 
compared, but rather the number of leaves produced during that period. It is 
obvious that the latter depends equally on water supply, temperature, soil 
fertility, the age and genetic origin of the palms. Research in Africa and the Far 
East shows this to be the case. Adult palms in Nigeria produce 22-24 leaves 
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annually (Hartley, 1967, after Broekmans, 1957) as opposed to 25-35 leaves in 
Malaysia (Williams and Hsu, 1970). If the sex of an inflorescence is determined 
in the axil of the 18th leaf from the apex, it reaches the stage of anthesis when 
this leaf has reached the 66th position (Hartley, 1967, p. 177). In the meantime 
48 new leaves have been initiated at the apex and the same number have 
unfolded. In Henry's model of development of leaves and inflorescences (Surre 
and Ziller, 1963, p . 21) there is no indication of the leaf number corresponding 
to the stage of sex differentiation in the inflorescence, but it seems likely that 
this is the twenty-ninth leaf (individualisation de l'inflorescence). When this leaf 
has reached the seventy-sixth position from the apex, the inflorescence reaches 
the stage of anthesis. In the meantime 47 new leaves have been initiated and the 
same number unfolded. The time required to produce 47-48 new leaves 
amounts to 24-26 months in Nigeria and 16-23 months in Malaysia, almost 
exactly the time between sex differentiation and anthesis according to Broek-
mans (1957) in Nigeria and Corley (1973) in Malaysia. Second, the climatic 
factor or factors responsible for major yield fluctuations are not identical in all 
oil palm regions of the world. In West Africa both solar radiation and distribu-
tion of precipitation are limiting factors. In West Malaysia occasionally occurring 
periods of prolonged severe drought and excessive rainfall are likely to be 
important. 

Devuyst (1948) found at La Mé, Ivory Coast a positive correlation between 
annual yield and the sum of monthly rainfall up to 300 mm during 12 
consecutive months 33 months earlier. His limitation of the useful rain to a 
maximum of 300 mm per month may seem rather arbitrary, but it should be 
borne in mind that Penman's and Thorn thwai te 's estimates of évapotranspiration 
were published in the same year and that Ringoet's fundamental work on 
transpiration of oil palm was not published before 1952. The period of 33 
months between rainfall and yield suggests a period of approximately 27 months 
between sex differentiation and anthesis, corresponding with an annual produc-
tion of about 21 leaves according to Hartley's and Henry's models. This is rather 
low, but not improbable in view of the occurrence of two relatively dry seasons 
and the rather particular palm population of the La Mé experimental station at 
that time (Surre and Ziller, 1963, p. 32). 

Hemptinne and Ferwerda (1961) studied regression of the 12-month totals of 
bunch yield on the 12-month totals of precipitation in oil palm plantations in 
Zaire, Yaligimba situated north of the equator (2° 17

,
N, 22° 15

,
E, altitude 435 m) 

and Leverville situated south of the equator (4°15
,
S, 18°44

,
E, altitude 520 m). 

The 12-month totals of the precipitation varied between approximately 1500 
and 2000 mm in the northern plantation, and between 1100 and 2000 mm in 
the southern plantation. For the northern plantation they found a negative 
regression of bunch yield of precipitation 31 months earlier and a positive 
regression on precipitation 12 months earlier. For the southern plantation they 
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found a quadratic regression of bunch yield on precipitation 33 months earlier 
and no regression of bunch yield on precipitation 12 months earlier. This 
suggested periods of 25 and 27 months, respectively, between sex differentiation 
and anthesis and floral abortion some six months before anthesis in the north. 
Supposing again that the time between sex differentiation and anthesis equals 
the time required to produce 47H-8 leaves, this would correspond to an annual 
production of 23 leaves in the northern plantation and 21 leaves in the southern 
plantation. These calculations are in close agreement with actual annual leaf 
production of palms of this genetic origin (tenera X tenera ex. Yangambi, 
planting 1940 and 1941) growing under the above-mentioned conditions 
of rainfall and temperature. Sparnaaij et al (1963) misunderstood the ex-
planation given by these investigators for these regressions. They suggested 
that the negative regression of yield on rainfall 31 months earlier at Yaligimba 
was in fact the right half of a quadratic regression curve, with an optimum 
between 1500 and 1600 mm, as was found for Leverville. They did not give a 
valid explanation for the harmful effect of excessive rain 31-33 months earlier 
on bunch yield, but were able to show that this was not due to insufficient solar 
radiation. Most of the rain at Yaligimba and Leverville falls in the afternoon and 
at night, so that there is no negative regression of solar radiation on rainfall. The 
most likely explanation in the light of our present knowledge is an increase in 
leaching of plant nutrients in proportion to the quantity of rainwater percolating 
through the soil (Olivin and Ochs, 1974) and/or an increased incidence of 
waterlogging of the topsoil proportional to increasing rainfall. 

Ringoet (1952) estimated the water balance of an 11-year-old plantation 
(Table VI). Actual évapotranspiration of this plantation amounted to 1511 
mm and the percolation on flat land may be as much as 439 mm. This would 
seem to confirm the estimation of optimum rainfall for Yaligimba by Hemp-
tinne and Ferwerda (1961), because the climatic conditions of Yaligimba and 
Yangambi are very similar. It is evident that this estimate does not represent 
an optimum water supply for palms, because the distribution of the rainfall, 

TABLE VI 
Water Balance (mm) of an 11-Year-Old Oil Palm Plantation

0 

Rain 
Dew and mist 

1875 
75 

Retained by vegetation 
Transpired by palms 
Transpired by cover plants 
Evaporated from soil 
Runoff and percolation 

131 
400 
673 
307 
439 

1950 1950 

a
+ 150 palms/ha at Yangambi, Zaire (after Ringoet, 1952). 
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although quite regular, is not ideal. Short periods during which actual évapo-
transpiration is lower than the potential évapotranspiration may occur during 
the driest months. 

D. Air 

Only wind is considered under this heading. The composition of the air, in 
particular its C 0 2 content, may show ecologically important differences be-
tween the oil palm regions of the world, but little is known about this. Oil palm 
planters make the best use of the local C 0 2 content of the air in two different 
ways (Corley, 1973): first, by increasing leaf area index (LAI) by increasing 
planting density, the area of the individual leaves, and the number of leaves per 
palm; second, by increasing net assimilation rate by improving the water supply, 
mineral supply, or the genetic potential for photosynthesis. 

Tropical storms may do much damage, as the speed of the wind they create 
may exceed 160 km/hr. Some regions are notorious for the frequency of these 
storms, including the islands and coastal zones of the East and South China Sea, 
the Bay of Bengal, the Arabian seas, the Caribbean Sea, the Gulf of Mexico, the 
Indian Ocean east of Madagascar, the Coral Sea, and the Pacific Ocean east of 
Australia and west of Mexico. Taillez and Valverde (1971) examined the effects 
of a cyclone that struck an oil palm plantation in the valley of the Magdalena 
River, Colombia, in March 1968. Although most trees survived this disaster, 
many had more or less leaning trunks as a consequence of roots snapping off 
near the bulb. Growth and bunch production after erection of the trees were 
closely related to the degree of inclination of the stems after the cyclone. Trees 
with inclinations of 0°-30° were hardly affected; those with inclinations of 
30°-60° had short and sometimes deformed leaves, and did not produce any 
bunches during about 1 year. Thirty months after the cyclone, some of the trees 
with inclinations of 60° - 90° still produced deformed leaves, and most produced 
only male inflorescences. The degree of stem inclination also was related to the 
age of the palms and their genetic origin. They were most susceptible to wind 
damage between 2j and 4j years after field planting, probably because the 
crown gradually reaches its final dimensions while the rooting system is still 
extending and brittle. The effect of genetic origin is probably due to differences 
in height increase. There is a positive correlation between the susceptibility to 
wind damage and the height of the trunk. 

IV. SOILS 

Semiwild palm groves and cultivated palms are found on a wide range of soils, 
indicating that the oil palm is not an exacting crop in this respect. This is 
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confirmed by the fact that the natural habitats of wild oil palms, such as springs, 
banks of rivers and lakes, wet valleys and swamps, are too wet for dicotyledo-
nous trees (Zeven, 1967). They grow best on fertile, deep, good structured, and 
well-drained soils, but are unable to compete with trees of the ombrophilous 
lowland forest and the tropical evergreen seasonal forest without man's inten-
tional or unintentional protection. 

7. Soil Profile 

According to the Seventh Approximation of the U.S. System of Soil Clas-
sification, most oil palm soils belong to the following orders and suborders: 
Oxisols (Orthox), Ultisols (Udults), and Inceptisols (Aquepts). Although 
soil maps are available for many oil palm plantations, it is not yet possible 
to compare them on the common basis of an internationally used classifica-
tion, such as the above-mentioned system or the FAO classification. For the 
present, the suitability of certain soils for cultivation of oil palm must be 
based on known factors limiting growth and development, such as the presence 
of a hardpan, poor internal and external drainage, insufficient soil depth, a high 
water table, poor soil structure, and low fertility. 

2. Physical Properties 

The texture of oil palm soils varies between loamy sand, sandy loam, sandy 
clay loam, sandy clay, and clay. There is perhaps a preference for soils con-
taining 25-30% clay because of their good water holding capacity and usually 
good structure, but excellent plantations may be found on soils with finer 
or coarser textures. Modern forest clearing methods with heavy equipment 
tend to destroy soil structure, because they cause compaction. This may locally 
reduce bulk density to critical levels for root penetration and affect the growth 
of young palms planted on these sites. 

3. Chemical Properties 

Although considerable information is available on mineral reserves, clay 
minerals, cation exchange capacity, and exchangeable cations in soils used 
for cultivation of oil palms, little is known about the quantitative relation-
ships between each of these factors and growth and development of the oil 
palm. Ollagnier et ai (1970) gave an example of fertile montmorillonite 
clays in Brazil, which have such poor internal drainage that yields are poor. 
Tinker (1963) describes chemically poor kaolinite clay giving satisfactory 
yields with adequate fertilizing. Tinker and Smilde (1963) estimated for Nigerian 
soils a release of some 20 kg of Κ per annum over a depth of 3 m, corresponding 
with 0.5 ppm from a total content of some 200-300 ppm. This covers approxi-
mately 40% of the requirements of adult palms. 
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a. Nutritional Deficiencies. The effects of nutritional deficiencies on 
growth and development are much better understood. Visual symptoms of the 
major element deficiencies and of some of the minor element deficiencies are 
known from the results of pot and field experiments. The first descriptions of Κ 
and Mg deficiency symptoms based on experimental evidence were made by 
Thompson (1941), of Β deficiency by Ferwerda (1954), of Ν deficiency by 
Broeshart (1955), of Ρ and S deficiency by Broeshart et al. (1957), and of Fe 
and Mn deficiency by Bull (1961b). The most thorough and complete studies 
were made by Broeshart et al. (1957) and Bull (1961a,b). Rajaratnam (1972) 
made comprehensive studies of external and internal symptoms of Β deficiency. 
The visual symptoms of CI, Cu, Zn, and Mb deficiency are still unknown, but 
there is evidence to suggest that CI is an essential element for the oil palm 
(Ollagnier and Ochs, 1971). 

Many nutritional deficiencies are known to affect growth, development, and 
bunch yield. A summary of these effects on young and adult plantation palms in 
Zaire was given by Ferwerda (1962). This summary, slightly supplemented, is 
reproduced in the Tables VII and VIII. 

Nutritional déficiences may affect bunch production without measurable 
effects on growth and without causing visible leaf symptoms. Almost all nutri-
tional deficiencies cause a decrease of the number of fruit bunches, either by 
changing the sex ratio in favor of male inflorescences and/or by increasing 

TABLE VII 
Effect of Nutritional Deficiencies on Growth, Development, and Bunch Production 

during the First and Second Year of Harvesting of Young Palms Six Years after 
Field Planting

0 

Deficiency 

Ν Ρ s κ Ca Mg Cu Mn Zn Β Mo 

Leaf production _ 0 — — _ _ 0 0 0 0 0 
Length of leaves - 0 - - - 0 0 0 - 0 
Number of pinnae - 0 - - - - 0 0 0 - 0 
Length of pinnae ? ? ? _ 7 0 ? ? 0 - 0 
Width of pinnae ? ? ? _ ? 0 ? ? 0 - 0 
Deficiency symptoms + 0 + + 0 + 0 0 0 + 0 
First inflorescence - 0 - - - - 0 0 0 0 0 
Male inflorescences 0 0 - 0 - -
Female inflorescences - - - - - - - - 0 - -
Fruit bunches (number) 

a
After Ferwerda (1962). 

b
- , reduced or retarded; 0, no effect; +, increased or accelerated; ?, effect unknown. 
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TABLE VIII 
Effect of Nutritional Deficiencies on Bunch Number, Mean Bunch Weight, and Mortality 

of Adult Palms
0 

Deficiency 

Ν Ρ s Κ Ca Mg Cu Μη Zn Fe B Mo 

Fruit bunches (number) 7 7 _ _ 

Mean bunch weight 0 0 ? - 7 - 0 0 7 7 _ 7 
Mortality + 0 0 7 0 7 7 7 7 + ? 

—, reduced or retarded; 0, no effect; +, increased or accelerated; ?, effect unknown. 

abortion of immature female inflorescences some six months before anthesis. 
A decrease in the number of fruit bunches does not always correspond to 
a decrease of mean bunch weight. Hence, reduction of the number of fruit 
bunches is apparently the first adaptation of the palm to adverse conditions. 

Ollagnier and Ochs (1971) suggested that chlorine is an essential element for 
the oil palm. Their conclusion was based on a highly significant correlation 
between the chlorine content of leaves and bunch yield and the absence of such 
a correlation between the potassium content of the leaves and bunch yield in 
field experiments in which potassium chloride applications were used. Hew and 
Poon (1973) could not find confirmation for this in three manurial trials on 
coastal clay soils in Malaysia, although there were significant responses to 
fertilizing with muriate of potash and although the CI contents of the leaves 
varied between 0.12 and 0.56% as compared with 0.81-1.22% for the Κ 
contents. The correlation coefficients between bunch yield and CI content were 
small and insignificant. Only in one experiment was there a significant but 
equally low correlation of bunch yield with Κ content of leaves. 

Van Diest and Struif Bontkes (1972) studied the influence of CI in nutrient 
solutions on growth and the chemical composition of approximately one-year-
old seedlings (Table IX). Addition of chlorine to the nutrient solution did not 
improve growth and caused a decrease in uptake of Ν, P, S, K, and Mg. For these 
reasons, it probably is too early to consider chlorine as an essential nutrient for 
the oil palm. Although it is tempting to interpret high correlation coefficients 
between bunch yield and CI content in the leaf as indicating causal relation-
ships, this is not necessarily the case. 

Ng and Pau (1974) and Ng et al. (1974) presented convincing evidence that 
the symptoms of midcrown chlorosis of palms planted on deep, acid peat soils 
were due to Cu deficiency. 
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TABLE EX 
Effect of 4-Month Exposure to Chlorine on Growth, Chemical 
Composition, and Organic Cation Content of Young Seedlings

0 

% 

Dry matter aerial par t
0
 78 

Dry matter roots
0
 84 

Κ uptake* 87 
Ca uptake* 110 
Mg uptake* 76 
CI uptake* 330 
NO a concentration 140 
S 0 4 concentration

0
 91 

H 2 P 0 4 uptake* 80 
Ν uptake 88 
Organic cations (cations-anions) 86 

α
 After van Diest and Struif Bontkes (1972). 
*Last two months. 
c
Last month. 

The chemical composition of oil palm leaves is widely used for diagnosis of 
nutritional disorders. Between the introduction of the plant analysis technique 
for oil palms by Hale (1947) and Chapman and Gray (1949) and its present wide 
use, after having been improved by many other investigators, the confidence in 
the absolute value of the leaf nutrient contents as norms for deficiency or 
sufficiency gradually disappeared. Ferwerda (1961) stated, on the basis of 
Coulter's (1958) and his own investigations, that the norms for the interpreta-
tion of leaf analysis data can only be established locally by comparison with the 
results obtained in fertilizer experiments in the same plantation and sampled at 
the same time. Hartley (1967) and Bolle-Jones (1975) arrived at much the same 
conclusion. The latter pleaded for a more quantitative approach to uptake of 
plant nutrients by means of simultaneous measurements of growth and dry 
matter production of the analyzed plants. The uptake of a nutrient is likely to 
be much better related to bunch yield than its concentration in the leaf. 

b. pH. The oil palm is not exacting with respect to soil. The pH of soils of 
good yielding plantations varies between approximately 4.0 and 8.0, but most 
plantations have been established on more or less acid soils (pH 4.0-6.0). 

c. Salt Tolerance. Criticial salt concentrations in the soil solution may occur 
as a consequence of brackish groundwater or cyclic salt in coastal regions. 
Ferwerda and Struif Bontkes (1972) studied the influence of salt concentrations 
on growth of 4-leaf seedlings in sand culture. Both the nutrient solution and the 
additional salt were applied by continuous trickle irrigation, so that nutrient and 
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salt concentrations in the soil solution were constant throughout the duration of 
each treatment. Five salt concentrations were tested by adding none, 40, 90, 
140, and 190 mEq salt per liter to the nutrient solution as NaCl, half NaCl and 
half CaCl 2, or half NaCl and half MgCl 2. The concentration of the nutrient 
solution was about 10 mEq/liter, so that the range obtained was 1 0 - 5 0 - 1 0 0 -
150 and 200 mEq, corresponding to a conductivity of 1-5-10-15 and 20 
millimhos per centimeter. Plants were exposed to the salt solutions for 2, 4, or 6 
months. Those exposed to salt solutions for 2 or 6 months received a normal 
nutrient solution during the remainder of the time. 

The time required to produce one new leaf increased from about 2 weeks to 
nearly 5 weeks for the highest salt concentration, but solutions with an electrical 
conductivity up to 10 millimhos per centimeter appeared to have little effect. The 
effect of pure NaCl appeared to be somewhat greater than that of the mixtures 
with CaCl2 or MgCl2 (Fig. 3). 

The first symptoms of salt damage were pale green areas on the leaves, which 
turned yellow. Eventually the leaves became necrotic. The symptoms proceeded 
from the oldest to the youngest leaves. The youngest leaf was always green. 

The influence on the dry matter production per plant during six months is 
shown in Table X. Dry matter production was inhibited by all salt concentrations, 
but up to electrical conductivity values of 10 millimhos per centimeter the re-
duction is rather limited. The duration of exposure to salt solutions was very 
important. If limited to two months, growth reduction was only about 10%. The 
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Fig. 3 Time required for the production of one new leaf and electrical 
conductivity (EC) of the nutrient solution in millimhos/cm (Ferwerda and 
Struif Bontkes, 1972). 
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TABLE Χ 
Influence of Salt Concentration of the Soil Solution, Duration of 

the Exposure to a Salt Sou Solution, and the Kind of Salt on 
Dry Matter Production of 4-Leaf Seedlings Raised in Sand Culture 

for 6 Months
0 

Dry weight per palm (g) 

Aerial part Roots 

Complete nutrient solution only 125.2 17.3 

Electrical conductivity 5 mmhos/cm 101.3 16.4 
10 mmhos/cm 97.0 15.6 
15 mmhos/cm 63.6 11.0 
20 mmhos/cm 33.9 6.3 

Exposed for 
2 months 108.7 17.9 
4 months 68.1 11.3 
6 months 51.9 8.6 

100% NaCl 69.0 12.0 
50% NaCl + 50% CaCl2 94.6 13.6 
50%NaCl + 50%MgCl2 79.6 12.3 

a
Ferwerda and Struif Bontkes, 1972. 

composition of the salt also had much influence. Pure NaCl appeared to be more 
harmful than a mixture of NaCl and MgCl2 and the latter more harmful than a 
mixture of NaCl and CaCl 2. From this it may be concluded that young oil palms 
are moderately tolerant to salts in the soil solution. 

4. Biotic Properties 

High concentrations of active tertiary and quaternary roots are found near sites 
with accumulations of decaying vegetable matter, such as leaves removed during 
pruning rounds (Tailler and Valverde, 1971). The major cause of this concentration 
of roots is likely to be locally increased supply of mineral nutrients. The oil palm 
and its cover crop provide a continuous supply of organic matter to the soil from 
decaying leaves and roots, and protect the soil from direct solar radiation and 
rain. The total annual production of leaves, stems, and fruit bunches is 20 -30 
tons dry matter per hectare

-1
 year

- 1
 (Rees and Tinker, 1973; Corley et al, 

1973). This represents some 96% of the total dry matter production. The leaves, 
which provide 56% of this fraction (Rees and Tinker, 1973), add 11-16 tons 
organic matter hectare

- 1
 year"

1
 to the sou. To this may be added the 10-14 

tons of dry matter produced annually by the cover crop (Rombaut, 1974). Thus 
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the primary production of an oil palm plantation amounts to 31^44 tons dry 
matter hectare"

1
 year"

1
 and is therefore of the same magnitude as that of 

ombrophilous and evergreen seasonal forest of the tropical lowland. 
Even without returning the bunch refuse to the plantation and neglecting 

male inflorescences and dead roots, the annual supply of organic matter to the 
soil amounts to 21-30 tons hectare"

1
 year"

1
. This is considerably more than 

required to compensate for the rate of decomposition of organic matter on 
similar soils under annual cropping. 

V. BIOTIC FACTORS 

Under this heading only the influence of higher plants will be discussed. The 
influence of the other biotic factors, such as lower plants and animals, is usually 
so complex that conclusions have very limited general validity. In addition they 
are often closely related to the physical environment. The most important biotic 
factor, man, is entirely beyond the scope of this paper, because his influence is 
primarily of a social, economic, or technical nature. 

In oil palm plantations there is competition between neighboring palms, and 
between palms and the interline vegetation including cover crops, weeds, or 
other annual or perennial crops. The study of the competition between neigh-
boring palms is closely related to the study of the optimal planting density. 
Corley et al (1973) reviewed the older work on this subject, except the basic 
study by Marynen (1963). Ramachandran et al (1973) compared wide avenue 
and triangular planting with densities varying from 96 to 183 palms per hec-
tare (Corley et al, 1973) and defined optimal density in three ways: (a) the 
highest current yield in any given year; (b) the highest cumulative yield over a 
given period; (c) the maximum cumulative profit over a given period. In this 
chapter only (a) and (b) are considered. 

Prévôt and Duchesne (1955) found a negative linear regression of current or 
cumulative yield per palm on the number of palms per hectare (Fig. 4). This may 
be expressed as 

y = a - bx 

where y is the yield per palm, χ is the number of palms per hectare, and a and b 
are constants. It is evident that b is the amount by which the yield per palm 
decreased with a unit increase in density. This decrease is due both to a decrease 
of the mean annual number of bunches per palm and the mean annual bunch 
weight which was confirmed by Ramachandran et al (1973). Marynen (1963) 
showed that this linear regression fitted just as well as two more complicated 
nonlinear functions describing competition within species. It is evident that this 
can only be true for medium densities, as the yield per palm will eventually 
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Fig. 4 Mean cumulative weight of fruit bunches per palm (21 years) and 

density of La Mé (Ivory Coast) and Yangambi (Zaire) (Prévôt and Duchesne, 
1955). 

attain a maximum at very high densities and a minimum at very low ones. At 
medium densities the regression for yield per hectare on the number of palms is 
therefore a quadratic curve (Fig. 5): 

Y = xy - ax-bx
2 

where Y is the yield per hectare. The optimal density J c m a x is now given by 

*max = allb 

As could be anticipated, the regression coefficient b (or competition factors) 
varies when comparing data from different planting density experiments (Fig. 5). 

Corley et al. (1973) showed that mean area per leaf may be used as a standard 
for comparison of different sets of data, despite its close relationship with palm 
age, soil fertility, and genotype. They arrived at the important conclusion that 
mean leaf area can be used to estimate the current optimal density, indepen-
dently of the considerable differences between actual current yields corre-
sponding to these densities (Fig. 6). Similarly, the competition factor may be 
estimated from mean leaf area, independently of the actual leaf level (Fig. 7). 
Since leaf area reaches a maximum at 9-10 years after planting (Fig. 1) it is 
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Fig. 5 Mean cumulative weight of fruit bunches per hectare (21 years) and 
density at La Mé, Ivory Coast (Prévôt and Duchesne, 1955). 

Fig. 6 Optimal density and leaf area (Corley et al, 1973). 
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Fig. 7 Competition factor and leaf area (Corley et al, 1973). 

likely that the effects of density are approximately constant after this age, so 
that the optimal densities for 10- to 30-year-old plantations may be estimated by 
extrapolation. 

Prévôt and Duchesne (1955) presented convincing evidence that for any given 
density triangular spacing was superior to rectangular spacing. This was con-
firmed by Ramachandran et al (1973) under Malaysian conditions. 

VI. SUMMARY 

Important contributions to the knowledge of the environmental physiology 
of the African oil palm, Elaeis guineensis Jacq., were made during the last 10 
years. These would seem to suggest that the satisfactory growth, development, 
and bunch yield may be obtained under lower light intensities and at lower 
temperatures than were rather generally accepted up to the present time. The 
daylength is not likely to play an important role. There is much evidence to sug-
gest that the water supply should be continuously sufficient, but not excessive, 
throughout the year for optimal results. Tropical storms may cause serious and 
long-lasting damage. The need for chlorine in mineral nutrition is questioned, 
but there is convincing evidence that copper deficiency may occur under field 
conditions. The tolerance to salts in the soil solution is moderate. The annual 
supply of organic matter to the soil in plantations compares favorably with that 
of forests of the moist tropical lowland. The mean leaf area appears to provide a 
good estimation for the optimal planting density. In regions with long dry 
seasons, the desirability of a living interline vegetation may be questioned. 
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I. INTRODUCTION 

Strong arguments have been advanced both for a Central American origin and 
a Melanesian origin for the coconut palm (Cocos nucifera L). Cook (1910) 
strongly advocating a Central American origin, stated that more species of Cocos 
were found in Central and South America than elsewhere. He also suggested that 
the coconut palm was distributed by the early inhabitants of South America 
traveling across the Pacific, a theory that led to the famous Kon Tiki expedition. 
Thor Heyerdahl (1952) showed that it was possible for men with only primitive 
boats or rafts to cross the Pacific Ocean from South America to Oceania and to 
carry their crops and culture with them. Whether this actually happened, 
however, is difficult to prove. 

On the other hand, Becarri (1917) gave evidence, including the discovery of 
fossil nuts in New Zealand, that the coconut palm originated in Southeast Asia. 
He pointed out the far wider range of varieties of coconuts in the countries of 
the Far East as compared with the Americas and the Caribbean area. Evidence 
has also been advanced that while the coconut may have been on the Pacific 
shores of South America before Columbus' expedition, it was introduced to 
Puerto Rico and Brazil by the Portuguese only in the middle of the sixteenth 
century. 

The weight of evidence supports an origin in the Old World somewhere in 
Melanesia. Whatever may have been the origin of the coconut palm, it is now 
widely distributed on the sea coasts of the tropical world (Fig. 1) (Menon and 
Pandalai, 1958). The extensive distribution, even where it does not appear to be 
associated with man's activities, has led to the widely held view that the coconut 
has spread on ocean currents. This view, however, is very controversial. 

Although Edmonson (1941) showed that in Hawaii nuts still had the ability 
to germinate after floating for up to 110 days in the sea, all the Kon Tiki nuts 
stored below deck and exposed to seawater were ruined and only those kept dry 
on deck survived. Even if viable nuts are cast up on a beach, their chances of 
survival are very slim. Some dissemination by sea may have occurred, but the 



Fig. 1 World map showing coconut producing areas. 
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wide distribution of the coconut palm must be due mainly to the influence of 
man. 

II. CLIMATIC REQUIREMENTS 

The Palmae are essentially tropical plants and the coconut is no exception. It 
is grown throughout the tropical world between latitudes 23°N and 23°S. 

A. Temperature 

The optimal mean annual temperature for best growth and maximum yield is 
considered to be about 27°C, with a diurnal range of 6°-7°C. Such conditions 
are usually found on tropical sea coasts where the ocean acts as a buffer against 
too rapid changes in diurnal temperature. With low temperatures for more than a 
short time, floral and fruiting abnormalities may occur. In Florida, at 25°N, 
palms succumb to unusually severe winters. 

Temperature also determines the altitude at which coconut can grow. In 
Mysore State in India, plantations are found at 600-900 m above sea level; in Sri 
Lanka (Ceylon) they may occur up to 750 m. At Tabora in Tanzania, not far 
from the equator, productive plantations have been established at an elevation of 
1300 m. The limit is reached at lower altitudes with increased distance from the 
equator, so that in Jamaica at 18°N coconuts are not grown commercially above 
150m. 

B. Rainfall 

Even distribution of rainfall probably is the most important factor influenc-
ing coconut yield. Since the crop is produced continuously through the year and 
the nut takes a year to mature from pollination, ideally the tree should never 
undergo severe water stress. The optimum total annual rainfall lies between 1300 
and 2300 mm per year, although the coconut tree will tolerate a far higher 
rainfall provided soil drainage is good. The monthly rainfall in a number of 
coconut growing areas is given in Table I. Even with high rainfall many areas 
have a pronounced dry season. 

Uneven distribution of annual rainfall may be compensated for by special 
environmental conditions under which coconuts are so often grown; that is, 
where seepage of ground water occurs through a plantation. Where coastal beach 
plantings are backed by rainfed freshwater swamps and lagoons, the water level 
will be slightly above that of the sea so that percolation of the swamp water 
takes place seaward and supplies the coconuts even when rainfall is déficient for 
short periods. The highest yields of coconuts have been found under such 
specialized ecological conditions. An additional and important factor is that the 



TABLE I 
Monthly Rainfall in mm for Selected Coconut Growing Areas0 

J F M A M J J A S 0 Ν D Total 

Asia 
India, Kasuragod 7 9 11 73 268 973 1.136 476 228 254 76 31 3542 
Sri Lanka, Bandirippuwa 56 55 136 213 262 188 72 87 108 312 328 122 1939 
Philippines, Nagacity 115 81 69 186 156 202 274 187 291 292 309 290 2452 

Africa 
Ivory Coast, Port Bouet 30 50 108 160 382 570 177 35 61 207 188 113 2081 
Mozambique, Porto-Belo 277 193 261 128 86 92 72 36 16 10 67 191 1429 

Pacific 
New Hebrides 311 227 424 285 273 164 241 119 260 205 250 312 3071 
Fiji 337 233 275 306 150 92 93 82 96 149 296 178 2287 

America 
Jamaica, Port Antonio 253 88 130 247 310 372 253 167 253 434 411 574 3492 
Brazil, Maceio 73 75 137 183 289 301 219 138 86 44 27 44 1616 

aF rom Frémond et al (1966). 
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freshwater carries traces of mineral nutrients which allow the coconut to flourish 
on almost sterile sands. 

When rain-fed trees undergo a prolonged drought, the effect can persist for up 
to 2j years as shown in Fig. 2 (a) which shows the reduction in numbers of nuts 
picked on four occasions during each year. In addition to the reduction in nuts 
by drought, the amount of copra per nut is also reduced [Fig. 2 (b)] so that 
these two factors combined seriously reduce the total crop yield per acre. 

As Patel and Anandan (1936) pointed out, the inflorescence is initiated some 
16 months before the spathe opens. Severe drought at this period may kill the 
growing point, causing the inflorescence to abort. This will affect production of 
nuts up to 28-30 months later. 

The amount of copra per nut also is reduced during the drought period and 
increases sooner as shown in Fig. 1 (b). Shepherd (1926) showed that in 
Trinidad there is a positive significant correlation between rainfall over a six 
month period and the amount of copra per nut one year later. In Malaya, rainfall 
in the first three months when the nuts were developing determined the size of 
the crop a year later (Cooke, 1953). 

In Trinidad, the drop in yield under drought conditions is correlated with the 
original level of bearing of the tree (Murray and Lucie-Smith, 1952). Thus in a 
fertilizer trial which was affected by a severe shortage of rain, the trees were 
divided into classes on the basis of their predrought yields. The effect of the 
1947 drought on the subsequent crop is shown in Table II. 

C. Light Intensity 

The coconut palm is a light-requiring species and does not grow well under 
any shade or very cloudy conditions. The etiolated appearance of trees growing 
under the shade of old trees is well known. In West Africa the yield of copra is 
related to the daily hours of sunshine during the final maturation period of the 
nut. With less than 2000 hr of sunlight per year or 120 per month, as measured 
by a Campbell-Stokes recorder, yield is reduced (Ziller, 1960). 

Murray (1968) pointed out that the Campbell Stokes recorder is not a 
satisfactory method for determining incident light energy. 

As may be seen in Table III, data obtained with the Campbell-Stokes recorder 
show that Ecuador receives only 35% of the hours of bright sunshine that 
Trinidad receives. However, in terms of Kipp Solarimeter radiation, the differ-
ence is far less pronounced, with Ecuador receiving 75% of the solar radiation 
received in Trinidad. 

D. Wind 

Coconuts grown in coastal areas are often exposed to strong sea winds. 
Provided adequate soil moisture is available the trees tolerate these winds well, 
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TABLE II 
Effect of Drought in 1947 on Decrease in Yield for Trees in 

Different Yield Classes* 

Class 
(no. of nuts) No. of trees 

Average nuts/tree 

1946-1947 1947-1948 Decrease 

40-60 11 53 43 10 
61-80 14 73 45 28 
81-100 13 90 64 26 

101-120 10 108 66 42 
121-140 7 129 65 64 
Over 140 5 150 46 104 

a
From Murray and Lucie-Smith (1952). 

although the most exposed outer row or rows may have a reduced crop. This 
may be associated to some extent with salt spray deposited on the leaves. Of far 
more importance, however, is the fact that coastally grown coconuts in some 
parts of the world are subjected to hurricanes or cyclones. These high velocity 
winds can damage the trees in two ways. Either the root system gives way and 
the tree falls flat or the crown may break off. In both instances the tree is 
destroyed; plantations in the West Indies, particularly Jamaica, have suffered 
severely from hurricanes in the past. 

E. Nearness to the Sea 

Because coconuts are so often associated with coastal regions of tropical 
islands, there is a common misconception that they will not grow inland. 

TABLE III 
Light Measurements in Trinidad and Ecuador per Month

a 

J F M A M J J A S O N D Mean 

Mean daily solar radiation (langleys) (Kipp Solarimeter) 
Trinidad 385 418 478 446 470 275 388 396 394 374 308 346 390 
Ecuador 325 356 343 364 329 305 280 258 253 238 219 261 294 

Hours of sunshine (Campbell-Stokes) 
Trinidad 7.6 8.2 8.0 8.1 7.8 6.7 7.2 6.9 6.5 7.0 7.0 7.1 7.3 
Ecuador 2.3 4.0 3.9 4.1 4.0 3.8 2.6 2.1 1.5 0.9 0.8 1.7 2.6 

fl
From Murray (1968). 
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Conditions near the sea may often be ideal for growing the crop, but the 
coconut palm will flourish hundreds of kilometers inland, provided that other 
conditions necessary for growth are adequate. In India good coconut plantations 
are found on the Mysore plateau at 240-320 km from the sea. 

F. Evapotranspiration and Physiological Water Balance 

A synthesis of the water balance in the soil is provided by the calculation of 
the évapotranspiration for a given area. Using the formula developed by Thorn-
thwaite, Frémond et al. (1966) made the appropriate calculations for Port Bouet 
in the Ivory Coast. Table IV shows the months of the year during which 
évapotranspiration exceeds rainfall so that the trees undergo water stress. In 
other months when rainfall exceeds évapotranspiration, adequate drainage is 
necessary to avoid water logging of the soil. 

In connection with the internal water balance of coconut trees, F. Hardy 
(personal communication) made the following comments: 

The coconut palm possesses certain unique physiological characteristics which 
render it particularly susceptible to wilt in a dry environment. 

(a) The size of the leaf crown is almost the same at all ages so that the 
amount of transpiration in an atmosphere of constant temperature, humidity, 
and air movement varies little at all stages of growth. 

(b) The downward pull (weight) of water in the conducting elements in-
creases with age of tree, i.e., with length of trunk or height of the tree. 

(c) The frictional resistance to upward water movement in the conducting 
elements also increases with height (the tracheids have small diameters). 

(d) The total suction force tending to abstract water from the leaf cells 
because of factors (a) and (b), coupled with that developed by soil colloids as 
the soil dries out, despite the xeromorphic features of the leaflets, causes wilting 
to occur at a much higher soil moisture content than that at which wilting 
normally occurs in other tree crops. 

(e) Fluctuating water tables restrict root development in poorly drained 
phases of certain soil types causing coconut roots to die of asphyxiation. 

(f) Wilting consequently occurs much earlier (with trees less than 20 years 
old) in coconut palms growing in soils having restricted root room supporting 
trees having small root systems than in older trees growing in soil having large 
root room supporting trees having large root systems. 

(g) Consequently, the age and height at which coconut palms die of wilt 
should provide a measure of the general aridity of the environment, particularly 
that imposed by adverse soil conditions (unsatisfactory water relations) such as 
poor drainage and high water tables responsible for "physiological" drought. 



TABLE IV 
Evapotranspiration and Water Balance per Month at Port Bouet, Ivory Coast in m m a 

J F M A M J J A S 0 Ν D Total 

Rainfall 30 50 108 160 382 570 177 35 61 207 188 113 2081 
Potential évapotranspiration 147 153 182 178 164 132 124 107 114 138 152 155 1746 
Change in soil moisture -58 +100 - 7 2 -28 +69 +31 -A2 
Soil reserve - - - - 100 100 100 28 — 69 100 58 
Effective évapotranspiration 88 50 108 160 164 132 124 107 88 138 152 155 1466 
Deficit 59 103 74 18 53 307 
Excess 118 438 53 5 614 

flFrémondef al (1966). 
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III. SOILS 

The coconut palm tolerates a very wide range of soils although the yield of 
nuts varies considerably on different soils. In most tropical countries the coco-
nut palm grows on beach sands. Chemical analysis shows these sands to be almost 
sterile with respect to plant nutrient content; growth and cropping depend very 
much on topography. Provided there is higher land or freshwater swamps 
behind them, the slow percolation of water toward the sea will carry nutrients 
which will allow the trees to flourish. 

On sands derived from coral, the depth of the overlying soil is of major 
importance to growth particularly during periods of low rainfall. The root room, 
that is the volume of soil capable of being physiologically exploited by the roots, 
is of prime importance for high yield. 

A. Alluvial Soils 

Some of the best coconut soils are rich river alluvial deposits, so long as 
internal drainage is adequate. In India and Sri Lanka, some of the highest 
yielding plantations are found on the loams and fine sandy transported soils of 
the river deltas. In the Philippines soils derived from alluvial limestone are 
particularly fertile. 

B. Lateritic Soils 

In Sri Lanka and India large areas of coconuts are found on soils derived from 
highly ferruginous parent material ranging from hard brick-like latérite gravels to 
red loam soils. The hard latérites of Sri Lanka occur in areas of high rainfall; 
they are highly leached. They are deficient in potash and phosphate and when 
shallow do not support good growth. It has been the practice in the past to use 
dynamite to break up the hardpan in the planting hole but this is not considered 
economical. 

Better results are obtained on the lateritic gravels where responses to potash 
manuring are good. The largest area of coconuts on the west coast of India 
occurs on well-drained lateritic loams. 

C. Volcanic Soils 

Soils derived from volcanic ash and tuff are particularly fertile. The parent 
material weathers rapidly to release adequate supplies of minerals for the plant 
and internal drainage is good. Such soils are a common feature of coconut 
plantations in Indonesia, the Philippines, and New Guinea. 
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D. Clay Soils 

These are the most difficult soils to manage efficiently for coconuts. Good 
drainage is essential and even with this they tend to be waterlogged in the wet 
season and to bake dry and crack in the dry season. With good management, 
satisfactory yields can be obtained as shown in Malaya where most coconuts are 
grown on clays, often with a high peat content. 

E. Physical Properties 

By mechanical analysis it is found that coconuts will grow on soils which are 
nearly 100% pure sand, through soils with an increasingly large clay fraction 
which may reach 70%, to peat soils in Malaya with over 80% organic matter. The 
most important feature already mentioned is good drainage as the coconut roots 
do not tolerate waterlogging for any length of time. They are also very thick and 
may have difficulty in penetrating compacted soils. 

Together with good drainage relations, it is important to have a reasonably 
deep soil for the roots to exploit. Soil depth, and consequently root room, may 
be determined by a hardpan or a high water table and in either case growth and 
cropping will be poor. 

F. Chemical Properties 

As mentioned earlier, coconuts will grow on sands whose chemical analysis 
shows little or no nutrient content. The analysis is therefore- of little value. It 
may be of use in alluvial or clay soils to demonstrate a deficiency of perhaps 
potash or phosphate. In a later section methods of determining the nutrient 
requirements of the tree are considered. 

Coconuts tolerate a wide pH range, from coral-derived sands with a pH of 8 
down to acid clays at pH 5, or even less. At pH 8 there is some evidence that 
iron is unavailable to the plant. At low pH, incompletely understood growth 
abnormalities occur which may be associated with toxic levels of aluminum and 
manganese. 

IV. GROWTH PHYSIOLOGY 

The general morphology of the parts of the tree has been intensively studied 
and described by various workers including Sampson (1923) and Menon and 
Pandalai (1958) and is not considered further in this chapter. 

The coconut palm is a monocotyledonous tree with a single terminal bud. 
Hence it has a single growth pathway which makes a study of the physiological 
sequence leading to the production of the crop easier than in dicotyledonous trees. 
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A. Seed Germination 

Of the ecophysiological factors influencing nut germination, the most impor-
tant is the maturity of the seed nut. For planting, nuts should be fully mature, 
i.e., 12 months old. However, work in India and Sri Lanka has shown that there 
is no difference in growth or bearing if slightly immature 11-month-old nuts are 
used. 

The time of year for harvesting is unimportant and is usually determined by 
the need to have the young seedlings at a proper stage of development for 
planting in the rainy season. In some countries the nuts are stored for a time 
before they are planted in the nursery, but this is unnecessary. Mature nuts can 
be planted as soon as they are taken from the tree. 

Various methods of planting are used in different countries and nuts may be 
planted either horizontally or vertically with the stalk end up. Horizontal 
planting is recommended with the widest of the three segments uppermost. This 
lies over the germinating embryo and facilitates emergence of the plumule. 

Germination of the normal tall variety nuts usually takes place within 11 to 
12 weeks of planting. A special organ, the haustorium or apple, develops from 
the embryo and grows into the internal cavity of the nut. Enzymes, particularly 
cellulases and lipases, developed in the haustorium are responsible for breaking 
down the oil containing cells of the meat and converting the oil into soluble 
carbohydrates. These are translocated to the developing seedling and used in 
growth. Within 5 to 6 months after germination, the haustorium almost com-
pletely fills the cavity and persists for over a year, during which time all the 
reserve food in the meat is consumed. By that time the shoot has developed and 
photosynthesis is adequate to make the young plant independent of reserve 
foods in the nut. 

The rate of seed germination in the nursery varies considerably. A negative 
correlation of 0.61 between the number of leaves produced and the time 
required for seed germination was obtained by Patel (1938). Correlation studies 
also show that palms with a number of leaves flower earlier than those with few 
leaves. It follows that seed nuts which sprout early give rise to palms that flower 
sooner and are therefore more productive than those that germinate later. This 
important physiological characteristic is used in selection of plants in the nursery 
for field planting. It is advisable to select only 50-60% of the most vigorous and 
advanced seedlings in the nursery for planting in the field. 

B. Root Development 

Since the coconut is a monocotyledonous plant it has an adventitious root 
system and, throughout its life, produces numerous uniformly thick roots from 
the base of the stem. The major roots which produce numerous secondary and 
tertiary roots generally are long lived; they carry physiologically adapted pneu-
matophores or "breathing roots" which assist in gas exchange. The major roots 
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are thick, up to 4 mm in diameter, and this can affect their ability to penetrate 
compacted soils or those with a high clay content. They are well supplied with 
aerenchyma. Absorption of mineral nutrients and water takes place in the region 
just beyind the pronounced root cap since coconut roots do not have root hairs. 
Sampson (1923) stated that the roots carry a symbiotic fungus but little research 
has been done on its relationship to the tree. Old trees or those growing in 
waterlogged areas differentiate aerial roots from above the normal root-
producing zone at the base of the stem. The capacity to produce such roots has 
led to the suggestion that outstanding parent trees which have become too tall 
may be induced to initiate roots just below the crown. The stem can then be cut 
below this point and the crown and new root system lowered to the ground and 
replanted. 

C. The Stem 

The true stem in tall coconuts begins to form about 5 years after planting 
out, and since there is only a single growing point, only one trunk can develop. 
Moreover since there is no cambium no secondary thickening occurs and the 
diameter of the tree, once laid down, does not change. Small variations in stem 
girth may be found as a result of unfavorable environmental factors, especially 
drought, when the stem is being laid down. 

D. The Leaf 

The terminal bud differentiates a single leaf at a time and some thirty months 
elapse from differentiation of a leaf to its emergence from the leaf sheath. 
During this long period the developing leaves are therefore subject to a range of 
environmental factors. 

On the average a new leaf opens once a month and a mature tree has a crown 
with 30-40 leaves. Under favorable conditions a leaf persists on a tree for 3 to 
3γ years. On poor-bearing or ill-nourished trees, the leaf life is shorter and the 
number of leaves in the crown reduced. 

E. The Inflorescence 

The coconut palm is monoecious so that each inflorescence carries both male 
and female flowers. In normal tall trees flowering begins at 5-7 years; in dwarf 
trees it may begin at 3 years. Once flowering starts an inflorescence develops in 
the axil of each leaf. The first inflorescence may consist of only male flowers; 
female flowers also are produced in later inflorescences. 

Since in tall trees the average time between production of successive leaves is 
about a month, the same time elapses between the opening of inflorescences. In 
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dwarf trees, which may produce up to 18 leaves per year, inflorescences may 
open every 3 weeks. 

The male flowers in an inflorescence are numerous, ranging from a few 
hundred to thousands. They open first and the pollen is disseminated by wind. 
The number of female flowers usually does not exceed 30-^40 and seasonal 
differences are largely caused by variations in nutrition and water availability. 

In a single inflorescence the male flowers produce pollen for about two 
weeks. Female flowers are not receptive until later so that cross-pollination is 
normal. However, pollination from the succeeding inflorescence may occur. In 
dwarfs, overlap of the fertile phases of the male and female flowers does occur 
so that self-pollination is more common. 

Seasonal variation in (a) the number of female flowers per inflorescence; (b) 
number of mature nuts developed; and (c) the number of nuts as a percentage of 
the female flowers is shown in Fig. 3 (Sampson, 1923). 

F. The Fruit 

Up to 70% of the immature fruits are shed within a few weeks after 
emergence of inflorescences. Some fruit is lost because of failure of pollination 
but the greater loss is due to physiological reasons and may be compared with 
those caused by cherelle wilt in cocoa. 

The fruit normally requires 12 months to reach full maturity at which time 
its copra content has reached a maximum. The rate of development of copra as 
given by Patel (1938) is shown in the following tabulation: 

Maturity of nut (months) % of copra developed 

8 
9 

10 
11 
12 

32 
56 
78 
94 

100 

It is therefore wasteful and uneconomical to pick nuts that are not fully 
mature and the best practice is to allow the nuts to fall naturally and collect 
them from the ground. 

G. Yield 

The yield of the coconut palm may be expressed in terms of number of nuts, 
weight of copra, or weight of oil per tree or per hectare. Unless coir is 
manufactured the economic yield is best expressed as weight of copra per 
hectare. 
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Fig. 3 Seasonal effects on (a) number of female flowers in each consecu-

tive bunch, (b) number of ripe nuts produced, and (c) percentage of nuts to 
female flowers. Top curve (heavy black line): number of female flowers in 
each consecutive bunch; bottom curve (lighter black line): number of ripe nuts 
from the above; middle curve (dashed line): percentage of nuts to female 
flowers. 
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TABLE V 
Correlation of Palm Characters with Yield" 

Character Coeff. of correlation 

Total number (leaves) 0.41 
Total number (opened leaves) 0.45 
Number (old leaves) 0.45 
Rate of production (leaves) -0 .19 
Surface area of attachment (leaf to trunk) 0.27 
Length (trunk) 0.42 
Girth (trunk) 0.29 
Number (female flowers) 0.64 
Catalase activity of the tree ( 0 2 evolved in 0.56 

3 min) 

a
From Menon and Pandalai (1958). 

The factors determining yield may be classified as (1) genetic; (2) climatic; 
(3) edaphic (soil); (4) cultural (e.g., manuring, weed control); (5) diseases and 
pests. 

There are obviously interactions among the above, some of which have 
already been discussed, i.e., the effect of water deficits in reducing crop depends 
on the level of bearing, a genetic factor. 

Confining attention only to ecophysiological factors, Patel (1938) described 
the physiological stages in the early build-up of yield. Little is known, however, 
of factors responsible for decline of yield with age. 

Monthly and annual variation in yield is determined largely by rainfall 
distribution. Theoretically, in a constant environment the coconut should pro-
duce exactly the same number of nuts per bunch and approximately once a 
month. 

It is usually assumed that alternate and irregular bearing are genetically 
determined, but Patel (1938) suggested that irregular bearing may not be 
genetically determined. 

Because of its pattern of growth with a single growing point it is possible to 
work out correlations between various vegetative characters and yield (Table V). 
Of particular interest is the correlation of yield with catalase activity which 
might be used as a method of screening young plants. 

V. MINERAL NUTRITION 

A considerable proportion of the mineral nutrients absorbed by the roots 
finds its way to the nuts. There is considerable variation in the mineral analysis 
of coconuts from different areas (Table VI). 
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TABLE VI 
Ash Analysis of Ripe Nuts (Average per Nut in Grams)

fl 

Kasaragod, India San Ramon, Philippines 
(Sampson) (Copeland) 

Ν P 2 0 5 K 2 0 Ν P 2 0 5 K 2 0 

Husk 1.25 0.18 3.05 1.609 0.017 3.915 
Shell 0.45 0.015 0.17 0.660 0.459 0.947 
Meat 5.13 0.77 1.35 4.683 1.740 2.475 
Water 0.025 0.028 0.33 1.542 0.171 1.313 

Total 6.855 0.993 4.90 8.494 2.387 8.650 

"From Patel(1938). 

Nearly half the potash found in the nut accumulates in the husk which, if not 
used as a source of coir, should be left to rot in the field and not burned or 
removed. 

The quantities of nutrients removed annually from the soil by the crop also 
shows considerable variation (Table VII). Obviously the data of Table VII 
reflect the nutritional status of the soil and the size of the crop being harvested. 
They all demonstrate, however, the high demand for potash for the crop. 
Although the coconut is not usually considered to have a high phosphate 
demand a substantial amount is found in the crop. 

A. Fertilizer Requirements 

Fertilizer experiments with coconuts in the field present numerous difficul-
ties including (1) lack of uniformity in the experimental material; (2) large area 
required for a statistical experiment, which increases the soil variability factor; 
(3) difficulties in supervising and recording field data: ideally each tree should be 

TABLE VII 
Annual Export of Nutrients (kg/ha)

a 

Jacob and Coyle 
(1927) Eckstein (1937) 

Pillai and Davis 
(1963) 

Ν 64 91 56 
P 2 0 5 29 40 27 
κ 2 ο 95 131 85 

"From Frémond et al (1966). 
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climbed and the ripe nuts harvested; (4) differential response of individual trees 
to manuring; (5) the long period before the effect of the fertilizers is seen; (6) 
seasonal effects and their interaction necessitating continuing experiments for a 
long time. 

No attempt will be made to survey the wide field of fertilizer experiments 
with coconuts. A good summary has been given by Teiwes (1962). A few 
examples will be given to emphasize specific points. 

As an illustration of differential responses to fertilizing, Murray and Lucie-
Smith (1962) carried out nonstatistical trials on trees giving yields of about 
50-60 nuts per tree each year, and applied nitrogen, potash, and phosphate, 
singly and in combination. They found a response only to nitrogen. They 
examined the response to nitrogen of trees in yield classes: 1-40 nuts, low 
yielders; 41-80 nuts, medium yielders; and over 80 nuts, the high yielders (Table 
VIII). 

Application of nitrogen fertilizer led to a far greater increase in numbers of 
nuts in initially low yielding trees than in initially high yielding ones. The 
increase in yield in unfertilized controls was associated with general improve-
ment in cultural practices, especially better weed control. 

In contrast to the results in Trinidad, where the major response on beach 
sands was to nitrogen, in other countries, notably Sri Lanka and the Ivory Coast, 
the main mineral deficiency has been found to be potash. 

Salgado (1951) carried out factorial NPK trials on two sites in Sri Lanka, one 
on a potash-deficient soil at Bandirippuwa and the other at Ratmalagara where 
the potash content of the soil was ten times as high. Kx plots received 0.75 lb 
K 2 0 per tree and K2 plots 1.5 lb K 2 0 per tree biennially. Application of potash 
had a much greater effect on the potash-deficient soil (Table IX). 

For the Ivory Coast and Dahomey, Frémond et al. (1966) give the yields 
shown (Table X) in response to nitrogen and potash application. On potash-
deficient soils, nitrogen alone will depress yield. When potash deficiency was 
corrected, a positive response to nitrogen was found. 

TABLE VIII 
Increase in Numbers of Nuts in 1947 and 1948 over Number Borne in 1946 for Different 

Yield Classes
0 

1947 1948 

Controls Without Ν With Ν Controls Without Ν With Ν 

Low yielders 7 17 30 24 20 48 
Medium yielders 1 4 11 13 13 29 
High yielders - 1 8 - 1 0 - 2 - 3 12 16 

e
From Murray and Lucie-Smith (1952). 
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TABLE IX 
Yield of Copra Qfo per Acre)

0 

Potash application 

*o K2 

Bandirippuwa 891 1292 1437 
Ratmalagara 1438 1466 1589 

a
From Salgado(1951). 

B. Minor Elements 

Not much research has been conducted on the role of minor elements in 
coconut nutrition but Frémond et al (1966) reported a positive response to 
injected iron on high pH coralline soils in the Pacific, and also to manganese. 

C. Leaf Analysis 

Monocotyledonous trees have a great advantage over dicotyledonous trees 
with respect to sampling for foliar analysis. Because of the continuous process of 
leaf production in monocots it is possible to select the same leaf physiologically 
each time, and Prévôt and Bachy (1962) chose the fourteenth from the youngest 
leaf as the standard reference leaf. Good correlation has been shown in the Ivory 
Coast between leaf potash and both the number of nuts per tree per year and 
weight of copra per nut (Table XI). 

It is clear that potash increases yield of copra per acre both by increasing the 
number of nuts and the weight of copra in each nut. 

An earlier summary of work on leaf analysis in Sri Lanka has been given by 
Nathanael (1958). The critical levels suggested by I.R.H.O. for the major 

TABLE X 
Yield in Number of Nuts per Tree with Nitrogen and Potash 

Manuring
0 

Ivory Coast Dahomey 

N* * 1 ^ 0 

44 30 36 23 
72 71 60 77 

fl
From Frémond et al (1966). 
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elements in the fourteenth leaf are shown in the following tabulation: 

Element % Dry weight 

Ν 1.8-2.0 
Ρ 0.12 
Κ 0.8-1.0 
Ca 0.5 
Mg 0.3 

D. Nut Water Analysis 

A unique method of diagnosing potash levels in the tree was developed by 
Salgado (1955). The water contained in the nut carries dissolved nutrients and is 
a ready-made solution for analysis compared with the tedious digestion of dried 
leaf samples. Salgado showed in the aforementioned Bandirippuwa NPK experi-
ment that a close correlation existed between the yield of copra per acre and the 
average content of potash in nut water samples (Table XII). 

In Trinidad Quansah (1954) attempted to relate the other major nutrients 
in nut water to yield, soil, and season. No correlations with nitrate nitrogen 
content were found but the composition of nut water reflected not only the 
potash status of the soil, but also the calcium and magnesium levels. 

VI. ECOPHYSIOLOGICAL DISEASES 

It is not within the scope of this chapter to discuss coconut diseases that have 
a pathological origin. There are, however, a number of physiological diseases that 

TABLE XI 
Effect of Potash Manuring on Leaf K, Number of Nuts per Tree, and 

Copra per Nut
fl 

kg KCl/tree/year 

0 0.5 1.0 1.5 

Leaf K, % dry weight 0.16 0.38 0.53 0.77 
No. of nuts per tree 62 69 74 79 
Copra (gm per nut) 161 180 186 195 

a
From Ziller and Prévôt (1963). 
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TABLE XII 
Yield per Acre and Potash in Nut Water at Different Levels of 

Potash Fertilizing
0 

K2 

Yield (lb/acre) 891 1292 1437 
K 2 0 (gm/liter) 1.00 1.49 2.09 

From Salgado (1955). 

may or may not lead to death of trees. Very often these are associated with 
particular soil and climatic conditions so they should more properly be called 
ecophysiological diseases. Among these are the following. 

A. "Tapering Stem" and "Pencil Point" 

These names are descriptive of the symptoms of this condition. They are 
manifest in a yellowing of the leaves and gradual reduction in size accompanied 
by a slow reduction in the diameter of the new growth at the top of the tree. 
Yield is greatly diminished and the tree may eventually die. 

These symptoms are usually regarded to indicate slow development of defi-
ciencies of mineral nutrients and water. They may arise from the following 
conditions: 

(a) Waterlogging: Tapering stem is very common among palms planted in 
swampy or waterlogged areas. The development of the root system is greatly 
inhibited so that the entire tree undergoes physiological drought. 

(b) Hardpan: On shallow soils over coral or ironstone pans root develop-
ment is again restricted and tapering stem develops. 

(c) Infertile soils: On infertile sandy soils receiving no fertilizer gradual 
mineral starvation results in tapering stem. 

(d) Senility: This condition is often shown by very old trees. 

From these descriptions it is obvious that choice of planting site is most 
important and is the obvious way of avoiding tapering stem. 

B. Shedding of Young Nuts 

During the first few months after the inflorescence appears, there is a 
considerable loss of the so-called "button nuts." This loss is due to physiological 
competition since far more female flowers are produced than can mature on the 
tree. The condition is analagous in many ways to cherelle wilt in cacao. 
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Normally only some 30% of the flowers produced reach maturity and the effect 
of fertilizers on increasing yield is not through decreasing fall of nuts, but rather 
by increasing the number of flowers produced. 

C. Shedding of Immature Nuts 

A more serious problem is loss by shedding of maturing nuts which have 
passed the button nut stage. Loss of nuts 3-5 months old is often greater at the 
end of a long dry spell and is sometimes accentuated when heavy rain follows a 
drought. 

A nonphysiological shedding of nuts may occur in trees with a long, weak 
bunch stalk and thin leaf frond bases. The leaf may break allowing the bunch to 
slip downward with a jerk, thereby causing shedding of immature nuts. This 
emphasizes the need for selecting planting material which does not carry this 
undesirable character. 

D. Bronze Leaf Wilt, Frond Drop, 

Cape St. Paul Wilt, and Kaincope Disease 

These four conditions, which occur in Trinidad, Jamaica, Ghana, and Togo, 
respectively, are grouped because of the underlying similarity in symptoms. 

According to Britton-Jones (1940), the major cause of wilt diseases is a soil 
factor, whether or not an organism is associated with the wilt. Although much 
research has been conducted on these wilts in the countries where they are 
found there is little evidence to contradict Britton-Jones. 

In general the symptoms of bronze leaf wilt consist of yellowing of the tips of 
the fronds which spreads downward and becomes bronze. The fronds later 
wither and hang down without becoming detached from the tree. Browning of 
the unopened spadix occurs, followed by necrosis and desiccation. The green 
nuts are shed and show a blackening around the calyx end and the copra is 
discolored. The tree usually dies within 3-6 months after symptoms appear. 

In Trinidad the disease usually occurs in mature trees (15-20 years old) and is 
most prevalent on heavy clay soils with impeded drainage (Bain, 1937). The 
theory is that on such soils the development of the root system is restricted to a 
shallow surface layer. In the dry season this layer dries out and soil cracks may 
develop so that the surface roots are damaged and killed. Absorption of water 
then cannot meet the transpiration requirements of the tree and wilt symptoms 
develop. In the land chosen for planting coconuts, great emphasis must be 
directed to areas where soil conditions are not such as to predispose the tree to 
this condition. 

These wilts should not be confused with other diseases which may produce 
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rather similar symptoms. These include red ring disease in Trinidad caused by 
the nematode, Rhadinaphelencus cocophilus, and lethal yellowing in Jamaica 
which is now thought to be due to a mycoplasm. 

E. Lightning 

Many coconut palms are lost through lightning strike. Both in Malaya and Sri 
Lanka lightning is a factor of the first importance in causing diseases on coconut 
plantations. 

The sequence of events in a lightning strike is that a leader stroke develops 
from the lower, usually negatively charged side of a cloud. As this nears the 
earth it causes a local increase in the electrostatic field. When this reaches a value 
that causes an electric discharge from an earthed object an upward streamer 
develops to meet the tip of the downcoming leader. This usually occurs at an 
average height of 20 m or approximately the height of a mature tall coconut. 
The current in the upward stroke may reach 100,000 A, this resulting in intense 
internal heating which bursts the vascular system of a tree. When this occurs, 
liquids exude from lesions in the trunk. Leaf break and nut fall also occur and 
the tree dies. After a severe lightning strike near Singapore, 104 trees died at 
once or over a period of months. The condition should not be confused with 
bud rot due to Phytophthora palmivora. 
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During the past century, world citrus production has risen from less than 1 
million to 44 million metric tons in 1973 (Food and Agriculture Organization, 
1974). Of this total, about 6 million tons of fresh fruit found its way into 
international trade, and about 14 million tons were used for industrial purposes. 
Large-scale exploitation for export or industrial uses has developed almost 
exclusively in subtropical regions that mostly lie between 20° and 40° of 
latitude in both the northern and southern hemispheres (Fig. 1 and Table I). 
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Fig. 1 Distribution of large-scale commercial citrus producing areas of the world. 
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TABLE I 
Estimated Tropical Citrus Production, 1974

a 

Thousand of 
metric tons 

Percent 
Variety World Tropical tropical

0 

Oranges and mandarins 35,500 3,237 9.2 
Lemons and limes 4,001 678 16.9 
Grapefruit 3,709 201 5.4 
Unclassified 736 470 63.8 
All citrus 43,746 4,586 10.5 

^Source: F AO Production Yearbook, 1974. 
^Between 20° Ν and 20° S latitude. 

Brazil, now pressing Japan for second place in world citrus production, has only 
about 9% of its plantings above 20°S latitude (Table II), and is probably the 
leading producer of tropical citrus (Table II). The amount of citrus exported as 
fresh fruit from tropical areas of the world is miniscule compared to subtropical 
areas. However, citrus is widely grown as a dooryard and orchard fruit for 
domestic consumption throughout most of the tropical regions of the world. 
Unfortunately, statistical data on citrus production in many such areas are not 
available, or at best are fragmentary and subject to error. 

This pattern of distribution of world citrus culture has its base not only in the 
ecological requirements for intensive commercial exploitation of citrus, but also 
in such factors as communication and transportation, human health, government 
policy and stability, and sophistication of agriculture, which will not be con-
sidered here. If climatic and edaphic factors alone controlled world distribution 

TABLE II 
Distribution of Orange Planting and Production in Brazil

0 

Area, 1973 Production, 1973 

Hectares Metric tons 
Region (thousands) % (millions)* % 

Subtropical (south of 20° lat.) 416 92 3.8 91 
Tropical (north of 20° lat.) 34 8 0.4 9 
All 449 100 4.1 100 

fl
Source: Fundaçâo IBGE, 1975. 
^Calculated from factor: 10

6
 fruits =170 metric tons. 
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of intensive citrus culture, some tropical areas would be more extensively 
planted. 

This chapter outlines some of the basic ecological and other requirements for 
the culture of citrus and assess the potential of various species and varieties for 
intensive commercial exploitation for export as fresh fruit or as industrial 
products in lowland humid tropical areas. 

II. ORIGIN AND NATURAL HABITAT 

Most cultivated species in the genus Citrus appear to be indigenous to the 
more humid tropical and near-tropical regions of China, Southeast Asia, in-
cluding the eastern areas of India and Bangladesh, and the islands of the 
Philippines and Indonesia. In this general area, primitive man undoubtedly 
played an important role in selectively disseminating and ultimately purposefully 
planting seed of the most attractive edible species and varieties before the dawn 
of history (Stebbins, 1969). The humid, tropical origin of citrus is supported by 
its general mesophytic nature. It has a moderately shallow and spreading rooting 
habit, not well adapted to withstanding long droughts. Its flat, broad evergreen 
leaves and thin, succulent bark of its twigs do not have specialized xerophytic 
features for greatly limiting transpiration or withstanding temperature extremes. 
The absence of a cool temperature-induced dormancy requirement for flowering 
and its susceptibility to damage by freezing also indicate its tropical origin. 

No Citrus species are indigenous to the Western Hemisphere, and hence it is 
of interest to note the ecological conditions which favor natural spread of 
introduced species without cultural attention by man. After the introduction of 
citrus to Florida in the sixteenth century, feral groves of sour oranges, and to a 
lesser extent sweet oranges, Rough lemons, and West Indian limes, gradually 
developed in certain specialized habitats through seed spread by man or animals 
from cultivated sources. These "wild" groves were invariably located on com-
paratively rich, low, but well-drained moist lands in the vicinity of rivers or lakes 
known locally as "hammocks." Such habitats supported good stands of tall 
hardwood trees (oak, magnolia, hickory, etc.) and in many situations an admix-
ture of sabal palms and pines. The topsoil was porous, acid, high in organic 
matter and fertility, and often overlaid a calcareous subsoil. In such natural 
groves, varying from 1 to 100 or more hectares, citrus trees tended to form a 
dense undergrowth under the shading canopy provided by the foliage of the 
taller native hardwoods and palms (Webber, 1943). The main attributes of this 
hammock environment favoring feral citrus growth appear to be a reasonably 
uniform year-round supply of moisture in the first meter of topsoil, but without 
prolonged periods of waterlogging, and a protective canopy of forest trees. Such 
a protective leaf canopy not only reduces the transpirational demand for soil 
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moisture, but also affords significant protection against moderate frosts. Ob-
servations in Florida, Central and South America, the Caribbean islands, and 
Southeast Asia indicate that Citrus species must have substantially the environ-
ment of a tropical rain forest to successfully invade native plant communities. 
The key factors for survival of seedlings appear to be a fairly well-drained and 
fertile topsoil with a fairly uniform year-round moisture supply, and freedom 
from extremes of temperature, high wind velocity, and fluctuations in water 
table. Of course, neither the native habitats nor adopted ones are infallible 
indications of optimal conditions for commercial exploitation of crop plants but 
merely indicate the basic requirements for survival. 

Before World War I there were many commercial citrus orchards, especially in 
the Indian River section of the Atlantic coast of Florida, which were planted 
under the shade of native stands of sabal palms. Under these conditions fruit 
quality was excellent, but yields were low and hence these shaded groves were 
rapidly transformed as soon as it became clear that citrus, like coffee, can attain 
its maximum yield potential only with full sunlight. 

HI. CLIMATE 

Tables III and IV present some climatic parameters in selected citrus regions 
in the American lowland humid tropics as compared with some potential citrus 
regions in the Amazon basin. Unfortunately, from such data it is possible to 
predict only in broad general terms the probable climatic adaptation of citrus 
variaties and species to a prospective new region. Much remains to be learned 
about complex interactions of a crop such as citrus with diverse seasonal climatic 
regimes in order to predict yield potential, season or seasons of maturity, and 
market quality of fruit, particularly in the tropics. 

Perhaps one of the most important elements of climate from the standpoint 
of growth, production, and ultimate market quality of the fruit is the seasonal 
energy or heat flux regime, which controls the temperature regimes of plant 
tissues during various stages of development. Tissue temperature, among other 
factors, influences plant moisture stress (water deficit). Thus it is often difficult 
to differentiate between direct effects of tissue temperature on metabolism, 
growth, and development from indirect effects because of complex interactions 
with moisture stress and related factors (Elfving et ai, 1972). The ambient 
temperatures experienced by various tissues or organs of the tree vary with time 
and with location and orientation on the tree, and are influenced by such 
factors, among others, as air temperature, wind velocity, atmospheric humidity, 
solar radiation, shading, cloud cover or fog, attitude in relation to sun, sky, and 
soil surface, and reflectance characteristics of the soil or ground cover surface 
(Reuther, 1973). These fixed and dynamic, factors interact to govern the energy 



TABLE III 
Temperature Parameters in Citrus Growing Regions of the American Low Altitude Humid Tropics Compared 

with Potential Regions in the Amazon Basin 

Month 

Monthly 
means (°C) 1 2 3 4 5 6 7 8 9 10 11 12 

Puerto Cortez (Cortez), Honduras 15 3/4° Ν Lat., Alt. 15 m 
Maximum 27.5 28.6 29.7 30.9 
Minimum 19.5 19.1 21.2 21.2 

31.5 
22.2 

31.7 
22.8 

31.4 
23.0 

31.7 
23.5 

31.7 
23.0 

30.0 
21.8 

28.4 
20.9 

28.0 
20.1 

San Pedro Sula (Cortez), Honduras 15 1/2°Ν Lat., Alt. >50 
Maximum 28.5 30.4 32.4 33.8 
Minimum 17.9 17.8 19.5 20.0 

34.0 
21.7 

33.7 
22.1 

32.4 
21.8 

33.2 
21.7 

33.0 
22.0 

30.7 
20.9 

29.4 
19.9 

27.9 
18.9 

Port of Spain, Trinidad 10 3/4°N Lat., Alt. 7 m 
Maximum 29.4 30.0 30.6 31.1 
Minimum 19.4 19.4 19.4 20.6 

31.7 
21.1 

30.6 
21.7 

30.6 
21.1 

30.6 
21.7 

31.1 
21.7 

•31.1 
21.7 

30.6 
21.1 

30.0 
20.6 

Aracataca (Magdalena), Colombia 10 3/4°Ν Lat., Alt. 33 m 
Maximum 33.3 33.2 32.8 34.6 
Minimum 21.4 21.7 22.3 23.2 

33.8 
22.9 

33.0 
22.7 

33.7 
22.4 

33.5 
22.3 

33.9 
22.4 

33.7 
22.2 

33.0 
22.1 

34.0 
21.7 



Salvador (Bahia), Brazü 13°S Lat., Alt. 47 m 
Maximum 30.0 30.0 30.0 
Minimum 19.4 19.4 20.0 

30.6 
21.1 

30.6 
22.2 

31.7 
23.3 

32.2 
22.8 

32.2 
22.8 

31.7 
22.8 

31.1 
22.8 

30.6 
21.7 

30.6 
20.6 

Cruz das Almas (Bahia), Brazü 12 1/2°S Lat., Alt. 295 m 
Maximum 31.2 31.0 31.7 29.2 
Minimum 21.4 21.3 21.7 21.3 

27.1 
20.2 

26.2 
19.1 

25.7 
18.2 

26.6 
18.4 

26.8 
18.4 

29.1 
20.5 

30.1 
20.7 

31.2 
21.2 

Caftete (Lima), Peru 13°S Lat., Alt. 111m 
Maximum 28.4 29.3 29.5 
Minimum 19.9 20.3 20.0 

28.1 
18.2 

24.7 
16.1 

21.4 
15.2 

20.2 
14.9 

20.0 
14.4 

21.0 
14.8 

22.4 
15.5 

23.9 
16.4 

25.6 
18.0 

Manaus (Amazonas), Brazil 3°S Lat., Alt. 48 m 
Maximum 30.0 29.9 30.0 
Minimum 23.3 23.2 23.3 

29.9 
23.3 

30.7 
23.6 

31.1 
23.4 

31.6 
23.2 

32.7 
23.5 

33.1 
23.9 

32.7 
24.1 

32.0 
24.0 

31.7 
23.7 

Altamira (Para), Brazü 3 1/4°S. Lat., Alt. 80 m 
Maximum 30.3 32.3 30.2 
Minimum 21.2 21.9 20.4 

30.1 
21.4 

30.3 
21.4 

31.7 
20.9 

30.7 
20.3 

31.5 
20.7 

31.7 
21.0 

31.9 
21.3 

31.4 
21.3 

31.2 
21.3 

Belém (Para), Brazü 1 1/3°S Lat., Alt. 24 m 
Maximum 31.0 30.4 30.3 
Minimum 22.6 22.7 22.8 

30.8 
23.0 

31.4 
22.9 

31.8 
22.5 

31.7 
22.2 

32.0 
22.1 

31.9 
22.0 

32.0 
22.0 

32.2 
22.1 

31.8 
22.4 



TABLE IV 
Precipitation, Relative Humidity, and Insolation Parameters in Citrus Growing Regions of the American 

Low Altitude Humid Tropics Compared with Potential Regions in the Amazon Basin0 

Month 
Annual 

total 
Values 

(mm, %, and hour) 1 2 3 4 5 6 7 8 9 10 11 12 
Annual 

total 

San Pedro Sula (Cortez), Honduras 15 1/2°Ν Lat., Alt. >50 m 
Ppt 72 52 51 36 92 
RH 79 75 72 70 73 

159 
76 

154 
79 

117 
76 

191 
79 

179 
83 

144 
83 

120 
85 

1642 

Port of Spain, Trinidad 10 3/4° Ν Lat., Alt. 7 m 
Ppt 58 30 36 
RH 92 92 92 

33 
91 

71 
90 

163 
91 

198 
93 

193 
93 

175 
94 

142 
93 

165 
93 

120 
94 

1384 

Aracataca (Magdalena), Colombia 10 3/4°Ν La t , Alt. 33 m 
Ppt 2 8 9 52 
RH 72 77 67 74 
InsoL 265 240 273 230 

216 
82 

224 

178 
82 

204 

125 
83 

241 

182 
84 

213 

275 
83 

212 

344 
84 

222 

239 
84 

206 

31 
81 

270 

1661 

2790 

Salvador (Bahia), Brazil 13° S Lat., Alt. 47 m 
Ppt 66 135 155 
RH 88 89 89 

285 
89 

274 
88 

239 
87 

183 
86 

122 
85 

84 
86 

102 
87 

114 
88 

142 
88 

1900 



flSources: Tables of Temperature, Relative Humidity and Precipitation for the World, 1958. Meteorological Office Air Ministry, London and 
climate summaries from official publications of Peru, Colombia, and Brazil. Methods and times of reporting relative humidity vary among 
countries. 

Cruz das Almas (Bahia), Brazil 12 1/2°S Lat., Alt. 295 m 
Ppt 55 64 97 116 137 128 130 96 40 49 103 85 1100 

Caftete (Lima), Peru 13°S Lat., Alt. I l l m 
Ppt 0.8 1.8 0.8 0.7 5.0 9.2 1.5 6.7 5.8 1.8 2.5 1.1 38 
RH 85 83 83 82 86 88 89 89 89 88 86 85 
Insol. 195 178 198 203 145 69 52 54 62 100 135 172 1563 

Manaus (Amazonas), Brazil 3°S Lat., Alt. 48 m 
Ppt 276 277 301 287 193 98 61 41 62 112 165 228 2101 
RH 88 88 88 88 86 83 80 77 78 79 82 85 
Insol. 120 112 111 118 168 208 245 256 225 206 177 153 2097 

Altamira (Para), Brazil 3 1/4° S Lat., Alt. 80 m 
Ppt 216 275 346 278 176 73 49 22 30 44 65 106 1680 

Belém (Para), Brazil 1 1/2°S Lat., Alt. 24 m 
Ppt 318 407 436 382 261 165 161 116 120 105 90 197 2761 
RH 89 91 91 90 87 84 83 83 84 83 82 85 
Insol. 157 112 102 132 196 239 268 267 235 247 221 213 2389 
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balance in tissues. It is not possible to derive a useful index of this balance from 
conventional, generally available weather data, such as those in Tables III and IV. 

At one extreme Canete in almost rainless coastal Peru, although near the 
equator in a low altitude region of high atmospheric humidity, has a more 
subtropical than tropical climate (Tables III and IV) from the standpoint of 
citrus behavior. The cooling influence of the Humbolt current and the very high 
incidence of cloudiness and fog combine to produce a mild climate in which 
irrigated citrus grows less rapidly than in the hotter location in Table III. 

At Canete, varieties of the climate-sensitive navel orange group develop good 
juice quality and acceptable rind color, and store well on the tree, but require 8 
or 9 months between anthesis and market maturity. In this type of climate, it 
seems probable that the effects of cool, humid ocean breezes and the high 
incidence of cloudiness and fog combine to moderate mean temperature as well 
as to dampen both temperature and moisture stress oscillations in tissues, 
producing a favorable effect on ultimate market quality of oranges. Since high 
yields are obtained in the best citrus orchards in this region, it appears that any 
light starvation effect on net photosynthesis is of minor importance. 

At the other extreme is the hot, humid climate of the Caribbean coast of 
Honduras represented by Puerto Cortez (coastal) and San Pedro Sula (about 25 
km inland). Here citrus grows very rapidly and, when irrigated, fruits the year 
around. In this truly humid tropical climate most orange varieties mature in 6 or 
7 months from anthesis and are of poor export market quality. On the other 
hand, grapefruit may develop good export market quality, when well managed. 
The orchard represented in Tables VI and VII has a climate intermediate between 
that of Puerto Cortez and San Pedro Sula. In this region, although rainfall is high 
during the wet season, cloudiness is mostly transitory and daily hours of 
sunshine are high, probably similar to Aracataca, Colombia or Beiern, Brazil 
(Table IV). The climates represented by Puerto Cortez, San Pedro Sula, Port of 
Spain, Aracataca, Manaus, Altamira, and Beiern are all rather typical of a very 
common type found in lowland coastal plains and valleys of tropical American 
with a monsoon-type rainfall distribution. Most of the Amazon basin has some 
variation of this year-round humid, hot, and sunny climate. 

The climates of Salvador and Cruz das Almas in Bahia, Brazil represent an 
intermediate type between the atypical humid, mild, and cloudy climate of 
Canete and the typical humid, hot and sunny climate of most of the Caribbean 
and Amazon basins, even though their latitude is only about 13°S. Monthly 
mean minima in the coolest months at Salvador are around 3°C cooler, and at 
Cruz das Almas around 4°C cooler, than Beiern, for example. The year-round 
monthly mean maxima of Salvador and Beiern are not greatly different, but the 
maxima of Cruz das Almas, about 40 km inland from Baia de Todos os Santos 
and 295 m elevation, are 4.5°-6.5°C lower in the four coolest months. Un-
fortunately no data are available to compare the cloudiness of these locations. 
The performance of citrus at Cruz das Almas (Passos and Sobrinho, 1970) 
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suggests that moderate cloudiness as well as mild temperatures during the 
April-July period of highest rainfall, among other factors, contribute to the 
good eating quality of navel oranges (Passos et al, 1971). At Cruz das Almas, 
oranges usually have a major bloom during the September-November period, 
resulting in mature fruit in the April-June period. 

Navel oranges grown in the year-round humid, hot sunny climates such as San 
Pedro Sula, Honduras, Port of Spain, Trinidad, or Aracataca, Colombia (Tables 
III and IV) do not develop acceptable eating quality, and most orange varieties 
produce fair to poor internal quality. Thus the climate of lowland humid 
tropical areas like the Amazon basin is such that its adaptation to intensive 
citrus culture is likely to be limited to a few varieties discussed in a subsequent 
section. 

IV. TREE GROWTH AND REPRODUCTION 

In tropical regions near the equator at elevations of 1000 m or lower, both 
day and night temperatures are within the range favorable for very rapid 
growth of citrus during 12 months of the year. In a subtropical climate like 
Riverside, California, diurnal ranges favorable for very rapid growth are in only 
five or six of the warmest months. As a result, with well distributed rainfall or 
supplemental irrigation in monsoon-type climates, citrus trees grow about twice 
as rapidly in lowlands near the equator as in comparable conditions 25° or 30° 
from the equator (Table V). 

TABLE V 
Comparative Size of Valencia Orange Trees on Routh Lemon Stock 

in Some Tropical and Subtropical Areas
0 

Number Mean trunk Mean tree Mean canopy 
Tree age of trees cross-section height diameter 

Location (years) measured (cm
2
) (cm) (cm) 

Cali, Colombia 
3 f N 5 i 20 416 576 554 

Buga, Colombia 
4° Ν 5 25 203 411 493 

Clermont, Florida 5 324 101 - -
28y°N 11 324 222 347 470 

Monte Verde, 7 97 151 - -
Florida 13 96 289 403 475 
28f°N 

"From Reuther (1973). 
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Observations and very limited reliable records suggest that commercial yields 
of citrus orchards in tropical regions are commonly one-half or less of those 
obtained in subtropical regions. Whether climate in lowland tropical regions is 
always a primary limiting factor to yield is an open question. Locally developed 
and adapted production technology systems for citrus culture are for the most 
part lacking in tropical areas. Also, with the exception of a few varieties there 
was little selection of varieties specifically adapted for tropical conditions. The 
major commercial orange, mandarin, and lemon varieties were all selected in 
subtropical areas for adaptation to subtropical climates. Hence, it has not been 
possible so far to evaluate the yield potential for a variety such as Valencia 
orange, for example, in an area such as the Amazon River valley under optimal 
cultural conditions providing favorable soil moisture, fertility, rootstocks, and 
control of pests and diseases. 

During extensive travels in tropical regions, I have observed that citrus yields 
and vigor are commonly much lower than in most subtropical areas. The 
grapefruit yields of Trinidad, Jamaica, and Belize provide typical examples of 
production levels common in the humid tropics. The small grapefruit industry of 
Trinidad (10γ°Ν latitude; rainfall from 1500 to 2500 mm, with a 3 - 4 months 
dry period), with a little over 1300 ha of grapefruit-bearing orchards, produced 
crops averaging 12.8 metric tons/ha in 1956, of which only 19% was ex-
ported (Burke, 1967; Trinidad and Tobago, 1959). This suggests that the 
better orchards produced about 25 tons/ha and the poorer about 6 7 tons/ha. In 
Jamaica, the 1960 production of 3314 ha of grapefruit averaged 10.7 tons/ha 
(Food and Agriculture Organization, 1970). In 1963, Belize averaged 24.7 
tons/ha on 445 ha of grapefruit. In contrast, the 1956 production of about 
45,000 ha of grapefruit in subtropical Florida (25°N to 29°N latitude; rainfall 
from 1250 to 1500 mm with a dry spring) averaged 34.5 metric tons/ha, and in 
1967 averaged 50.5 tons/ha from 35,200 ha (Shuler et al, 1970). In Florida, per 
hectare production of oranges averages around 60% that of grapefruit. 

I have encountered good vigor and heavy production in only a few excep-
tional citrus orchards in the tropics. Table VI gives examples of such orange 
orchards growing near the equator at around 1000 m of elevation in the Cauca 
valley of Colombia with about 1000 mm of annual rainfall, and a bimodal 
distribution so that a three month dry period occurs in July-September, and 
another six week dry period in January-February. These yields were obtained 
without supplemental irrigation and without a well-developed crop protection 
technology, but on exceptionally deep, well-drained, and fertile soils. Table VII 
shows the exceptionally high yields that can be obtained with grapefruit in a 
lowland humid tropical climate with very favorable soils and excellent manage-
ment. 

Yields and sizes of 5-year-old experimental trees in Table V commonly were 
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TABLE VI 
Comparison of Yields of Oranges in Tropical Colombia 

and Subtropical Florida
0 

Mean yield (metric tons per hectare) 

Florida 
Colombia Colombia 

Crop year overall Lower 25% Overall Upper 25% 

1965 32.7 9.7 24.3 42.8 
1966 33.2 10.8 24.4 58.6 
1967 32.8 11.9 30.7 50.7 

1931-69 — — 27.3 — 

fl
Sources: Colombia-adapted from Rios-Castafto et al (1968). Each 

value is the pooled mean of 16 "Valle" navel and 16 "Indian River" 
orange trees in a rootstock experiment located at the Centro National 
de Investigaciones Agropecuarias Palmira, Palmira, Colombia at an alti-
tude of 1006 m and 3y°N latitude. The trees, planted on Rough 
lemon rootstock in 1960, were spaced 7 Χ 7 m and were over 4 m high 
by 1965. F/or/cfo-adapted from Brooke (1970) and Savage (1967). 
These yields are from 50 to 60 representative commercial orchards over 
10 years of age in major citrus growing areas. The early, midseason, and 
late varieties represented are pooled; most are on Rough lemon root-
stock but some are on Sour orange, Cleopatra mandarin, or Sweet 
orange. 

equal to 10-year-old Florida trees. Similarly, 7-year-old grapefruit trees in Table 
VII equaled 14- or 15-year-old Florida trees in size and productivity. 

The foregoing yield and growth observations and data indicate neither the 
high year-round temperatures nor the lack of a cool-winter short-day dormancy 
period per se limit citrus yields in the humid tropics. Rather, they point to the 
lack of a locally adapted, well-developed production technology system as the 
primary limiting factor. In addition, they suggest that yield potential may be 
even greater in some tropical regions than in the established subtropical zones. 

V. GROWTH AND FRUITING IN RELATION TO CLIMATE 

Specialists have long recognized that there are large differences among citrus 
growing regions, or climatic zones within regions, in growth and yield of trees 
and in physical and chemical characteristics of the fruits. Also, there are marked 
differences in the time lapse between anthesis and market maturity and in the 
period that marketable fruit may be stored on the tree. Indeed, these factors, 
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TABLE VII 
Yields" of an Exceptionally Well-Managed Marsh Grapefruit 

Orchard in the Humid Tropics 

Year Yield (metric tons per hectare) Percent exported 

1972 94.3 71.5 
1973 92.2 67.5 
1974 79.5 71.0 

Calculated from total production of more than 100 ha of orchard 
on sour orange rootstock ranging in age from 7 to more than 50 years. 
Trees located on deep, well-drained soil on a Caribbean coastal plain 
having around 2600 mm annual rainfall fairly well distributed. Fertility 
is controlled by leaf and soil analysis, and pests are controlled by a 
well-developed program which includes 6 or 7 pesticide sprays annually. 

among others, determine the adaptability of a specific variety for commercial 
exploitation in a particular citrus growing region. 

Only in recent years have there been studies with citrus aimed at disentan-
gling climatic influences from cultural and edaphic factors. The limited data so 
far obtained indicate that within fairly broad parameters of adaptable soil and 
reasonably good cultural practices, climate is the most important component of 
the climate-soil-culture complex causing differences in growth, yield, and fruit 
qualities among commercial citrus producing areas. Some influences of major 
climatic components are discussed in the following sections. 

A. Rainfall, Humidity, and Wind 

It is not feasible here to discuss the influence of rainfall or humidity on citrus 
responses per se because it is difficult to isolate them as discrete aspects of the 
environmental complex. Rainfall and relative humidity are interrelated, and both 
moderate energy flux, which in turn influences tissue temperature and the vital 
processes within tissues. The amount and distribution of annual precipitation 
have a major direct effect on soil moisture, which can be manipulated artificially 
by irrigation and drainage. 

In spite of the above limitations, it is possible to make some gross estimates 
of the parameters of evapotranspirational loss of water from citrus orchards in 
relation to climate. Available data in the United States suggest that the annual 
use of water by évapotranspiration in a well-watered mature citrus orchard 
ranges somewhere between about 750 mm in a cool coastal subtropical climate 
like Santa Barbara, California and 1250 mm in the hot semiarid subtropical 
climate of Weslaco, Texas (Newman, 1968). Of course, in commercial practice 
considerably more water is required to compensate for losses from runoff, deep 
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percolation, and other factors influencing uniformity of distribution of rainfall 
and irrigation and their efficiency. Thus, it is suggested that somewhere between 
1000 and 2000 mm of rainfall annually are required to maintain good soil 
moisture conditions for citrus culture throughout the year. The lower value 
would be for a region with a rainfall distribution well correlated with seasonal 
temperatures and daylength in a cool, foggy subtropical climate, and on a deep, 
retentive, but well-aerated soil. The higher value would be required on a deep, 
well-drained and retentive soil in a hot lowland tropical climate like the Amazon 
valley, but with fairly uniform distribution of precipitation throughout the year. 

In lowland tropical areas of very high rainfall, such as in southeastern 
Thailand, with around 3500 mm of precipitation fairly well-distributed, and high 
humidity, commercial citrus culture is marginal. Without benefit of a well-
developed pest control system in a very wet climate, fungus diseases become 
rampant, and older trees accumulate a heavy burden of epiphytic and semipara-
sitic plants which compete for light and favor pests and diseases (Reuther, 1973). 

A humid climate, when compared to an arid one, tends to produce fruit with 
smoother, thinner skins and trees with a more open growth habit (Reuther, 
1973). But its most significant effect is on the ability of fungus diseases to 
parasitize foliage, flowers, fruit, branches, and bark, and thus disease control is 
likely to be one of the most difficult production problems in the humid tropics. 

The amount, velocity, and seasonal distribution of winds are of some impor-
tance in determining the adaptability of a region to citrus culture. Hot winds 
tend to cause excessive evapotranspirational losses and often injury or death of 
exposed leaves and twigs through dehydration. Cold winds also cause similar 
damage in the winter of some subtropical regions. In addition, excessive wind, 
especially when the fruits are young, causes scarring and consequent loss of 
market value of fruits, and stimulates abscission of leaves and fruit. Planted 
windbreaks in the form of perimeter rows of tall-growing trees offer protection 
against excessive wind damage (Piatt, 1973). Fortunately excessive windiness is 
not as common a problem in tropical as in subtropical regions. Gentle air 
movement or breezes with velocities up to 15 or 20 km per hour are often 
beneficial and promote drying of tissues, thus reducing fungus diseases as 
indicated above. 

B. Temperature and Moisture Stress 

1. Vegetative Growth 

Most citrus species make little or no shoot elongation at constant tempera-
tures in the neighborhood of 12° to 13°C (Reuther, 1973). Above this tem-
perature, growth rate increases progressively until a maximum is achieved some-
where above 30°C, but growth virtually ceases at constant temperatures above 
40°C. However, experimental difficulties tend to entangle effects of temperature 
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per se, and its indirect, and often overshadowing effects on internal moisture 
stress and related factors. Thus, in the tropics, high moisture stress in tissues 
probably limits growth more often than temperature. A further difficulty is that, 
in the orchard, root systems normally are exposed to different temperature 
parameters than the tops. Unfavorable temperatures of either the root system or 
the top probably limit growth about as effectively as if both portions were 
subjected simultaneously to an unfavorable temperature (Reuther, 1973). 

2. Flowering 

In subtropical areas during the winter months mean air and soil temperature 
fall below about 15°C for several months (Figs. 2 and 3) during the winter. This 
causes growth to cease, and the plant to become dormant for three or four 
months. This dormancy induces greater tolerance to frost damage, and causes 
changes within the buds which induce flowering when warmer temperatures in 
the spring induce resumption of vegetative growth. Thus, in a typical subtropical 
climate, with cool winters, citrus tends to bloom profusely in the spring and set 
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Fig. 3 Comparison of soil temperatures (monthly means) under grass sod 
in tropical Palmira, Colombia (1008 m elevation) and subtropical Riverside, 
California (250 m elevation). (From Reuther, 1973.) 

only one major crop of fruit which matures in late fall, or winter, or even the 
following spring, depending on variety and seasonal temperature regime. 

However, a period of low temperature-induced dormancy is not essential for 
flower induction. Dormancy induced by periods of low soil moisture supply is 
about equally effective. In a tropical climate with no cool periods and ample soil 
moisture throughout the year, either by natural rainfall distribution or through 
supplemental irrigation, most citrus species produce some bloom and mature 
fruit in every month of the year. However, with periods of less than ample soil 
moisture, flushes of bloom and vegetative growth tend to follow periods of 
drought of six weeks or more in duration, with a lag of about four weeks after 
resumption of effective rainfall or application of supplemental irrigation. With-
out irrigation in some tropical regions such as Cauca valley of Colombia, with 
about 1000 mm of rainfall annually in a bimodal pattern of distribution, oranges 
tend to bloom after the "long" and "short" drought periods, and the two major 
harvests occur about seven months after the dry periods end (Torres-M. and 
Rios-Castano, 1968). 

Table VIII shows the seasonal distribution of harvest (and by inference, 
flowering) in a large, unirrigated but highly productive (see Table VII) grapefruit 
orchard in a coastal Caribbean location in the humid tropics. As in most of the 
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TABLE VIII 
Seasonal Distribution of Flowering and Harvest in a Marsh 

Grapefruit Orchard" in a Humid Tropical Climate 

Four week harvest Metric tons 
periods ending harvested 

Percent of 
annual total 

Estimated mean 
date of anthesis 

First 16 weeks, 1973 
Jan.27 1110 8.5 July 13,1972 
Feb.24 1808 13.9 Aug. 10,1972 
March 24 2054 15.8 Sept. 10,1972 
April 21 1556 12.0 Nov. 5, 1972 
Totals (16 wk) 6528 50.2 

Middle 20 weeks, 1973 
May 19 376 2.9 Nov. 5, 1972 
June 16 0 0.0 -
July 14 17 0.1 Dec. 41 , 1972 
Aug. 11* 0 0.0 -
Sept. S

b 
465 3.6 Feb .22 ,1973 

Totals (20 wk) 858 6.6 
Final 16 weeks, 1973 

Oct. 6
b 

1586 12.2 March 23, 1973 
Nov. 3 2562 19.7 April 21,1973 
Dec. 1 1273 9.8 May 18,1973 
Dec. 29 200 1.5 June 16,1973 
Total (16 wk) 5621 43.2 

Totals (annual) 13007 100.0 

^Described in Table III. 
*World supplies scarce. 

Caribbean, the mean annual rainfall in this orchard is highly variable, but 
averages around 2600 mm. The monthly distribution is also highly variable, but 
about one year in two, little or no severe moisture stress occurs during the 
course of the year. When droughts occur, they are likely to be in the drier April 
through July period, when multiannual monthly precipitation means range 
between 90 and 130 mm (data not presented). Temperatures in this region are 
less variable than rainfall, and are intermediate between Puerto Cortez and San 
Pedro Sula (Table III). Thus, temperatures are favorable for very rapid growth in 
all twelve months of the year. Humidity is very high throughout the year in this 
coastal plain, but most rain normally falls in almost daily showers during the 
wettest season. Prolonged periods of cloudy, rainy weather do occur, but are not 
the rule. Thus, flowers, foliage, and fruit normally do not remain wet for more 
than a few hours at a time. 

Under the above conditions, some flowering and fruit set occur in all twelve 
months of the year, but in the 1972-1973 season, most occurred in the four 
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month period July through November, 1973, from which mature fruits were 
harvested approximately six months after anthesis in the January through April 
period of 1973 (Table VIII). Another substantial bloom period occurred during 
the March through May period of 1973, from which mature fruits were har-
vested about six months later, during the September through November period 
of 1973. 

Only minor blooms occurred during June and the November through Febru-
ary "winter" months (Table VIII). Although practically no fruits were harvested 
six months later from mid May through mid August, some fruits matured during 
this time, but were deemed to be too few to warrant the costly pest control 
program required to produce fruits suitable for export, so they remained 
unsprayed and unharvested. 

The seasonal pattern of bloom and harvest indicated in Table VIII would vary 
appreciably from season to season. The major factors determining bloom distri-
bution in the 1972-1973 season, when only minor moisture stress periods 
occurred, are difficult to isolate. Probably the major factor was the growth and 
fruiting cycles of branches established the previous season when some dry 
periods did occur. Observations in the tropics indicate that without periods of 
dormancy induced by moisture stress or cool temperatures to synchronize the 
flowering of a major portion of shoots, each shoot or branch independently goes 
through a variable period of vegetative growth after bearing fruit before it again 
flowers. The result is a protracted and sporadic flowering habit as shown in 
Table VIII. 

The above considerations indicate that flower induction in citrus is not 
fundamentally dependent on low temperature, short days, or dormancy per se. 
Evidently there are cyclic internal factors involved with the past physiological 
and fruiting history which will ultimately cause flowering of a particular branch 
in the absence of conditions favoring dormancy. Dormancy tends to cause a 
major portion of the shoots to flower at one time, but in the absence of 
dormancy, individual shoots or branches tend to flower sporadically during the 
year. 

3. Fruit Set 

As with vegetative growth, it is difficult to delineate clearly temperature and 
moisture stress effects per se on fruit set, except at the extremes. Satisfactory set 
of fruit may be observed in a very wide range of thermal conditions in many 
diverse citrus growing regions, including the humid tropics. In subtropical 
regions, citrus trees normally produce a large number of blossoms, along with a 
heavy "flush" of vegetative growth, in the spring each year, but only a very small 
percent of these "set" and ultimately develop into mature fruits. The final crop 
reaching maturity depends not so much on the initial number of blossoms as on 
the severity of attrition of flowers and developing fruitlets, particularly in the 2-
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to 4-month period following anthesis. This attrition may be influenced in a few 
self-unfruitful varieties by interplanting with suitable varieties for cross-pollina-
tion (Frost and Soost, 1968). However, with most varieties, factors within the 
tree (food reserves, mineral nutrition, hormonal balance, etc.) as well as environ-
mental factors such as temperature, wind, humidity and soil moisture supply, 
and, of course, pests and diseases play the major role in determining the rate of 
attrition of developing flowers and fruitlets. After the fruit reaches a diameter of 
15-20 mm, the rate of abscission drops dramatically, and is said to be "set." 

During the period from anthesis until the fruit attains about 15-20 mm in 
diameter, abscission may be greatly stimulated by high temperature and thus 
seriously reduce set. Temperatures of 40°C and above, particularly in combina-
tion with low humidity and wind, cause poor set from time to time in the 
hotter, drier regions of California, especially in the sensitive navel group of 
varieties. High temperatures should not often limit set in the Amazon valley, 
since available weather data indicate that temperatures of 40°C or above occur 
only rarely in most humid tropical areas. 

4. Fruit Growth and Maturation 

A comparison of the rate of fruit growth and maturation in four diverse 
climatic situations is shown in Fig. 4. Seasonal temperatures at Palmira, in the 
Cauca valley of Colombia, are similar to Itaituba, Para (Fig. 2), but average 
about 3°C cooler at night, the annual mean about 2.5°C lower, and rainfall and 
humidity are also somewhat lower. Likewise seasonal soil temperature regimes in 
much of the Amazon valley should approximate those in Palmira (Fig. 3), but 
perhaps average 1° or 2°C higher. With irrigation, growth and maturation of 
Valencia oranges in the Amazon valley should approximate the rates obtained in 
Palmira and the Caribbean lowland tropics (Table VIII). Thus, most citrus 
varieties should reach market maturity 6-7 months after anthesis. This compares 
with 8-13 months required in subtropical climates,e.g., California and Florida. 

In subtropical climates there is a spread of several months in the rate of 
ripening of early orange varieties, e.g., Hamlin, and late varieties, e.g., Valencia. 
For example, in the climate of central Florida, Hamlin oranges commonly reach 
market maturity in November or December, 8-10 months after blooming in 
February or March. Valencia oranges under comparable conditions reach market 
maturity in February or March of the following year, or about 11-12 months 
after anthesis. In a hot, humid tropical climate this difference in maturation rate 
between early or later varieties probably would be reduced to about two weeks 
instead of two or three months. In fact, because of the sporadic blooming 
tendency in the tropics, it is frequently difficult to distinguish differences in rate 
of maturation between early and late varieties without tagging fruitlets to log the 
approximate date of anthesis. 
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Just as the fruit matures more rapidly under the influence of continuous 
warm air and soil temperatures in the tropics (Figs. 2 and 3), it also becomes 
senescent and unsuitable for the market much more rapidly. Thus, I would 
predict that in the Amazon valley it would not be possible to store citrus fruit 
on the tree much beyond three to four weeks after market maturity has been 
reached. In contrast, in subtropical cool-winter climates, citrus may be stored on 
the tree from three to five months after harvest maturity is reached, depending 
on the local climatic conditions (Fig. 4). 

5. Fruit Quality 

It is difficult to make a generalized comparison of the physical aspects of 
fruit quality produced in tropical and subtropical climates. In the humid tropics, 
fruit size tends to be large, rinds thin and smooth, and juice content high as 
compared to arid or semiarid subtropical regions. Similarly, fruit in the humid 

Fig. 4 Schematic comparison of typical "Valencia" orange growth curves 
in a tropical (Palmira) with three subtropical climatic situations. All have 
adequate or nearly adequate soil moisture throughout the year from irrigation 
natural rainfall, or both. In addition, comparative periods of immaturity, 
market maturity, and advanced senescence are approximated. (From Reuther, 
1973). 
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tropics tends to have lower total soluble solids and acid concentration in the 
juice than fruit from subtropical climates. The data in Fig. 5 illustrate the 
pronounced effect of prevailing temperature on the rate of decrease of acid in 
juice as the Valencia orange matures. The acid concentration in all orange, 
grapefruit, pummelo, and mandarin varieties behaves similarly in response to 
temperature. However, acid citrus fruits do not exhibit this effect. Acid concen-
trations in lemons or limes may be just as high in tropical as subtropical regions 
(Reuther and Rios-Castano, 1969). 

The data presented in Fig. 6 show the acid data of Fig. 5 as a ratio to total 
soluble solids. Taste panel studies have shown that acceptable eating quality of 
oranges (market maturity) is reached when the solids to acid ratio is about 9 to 1 
or above. However, for reasons I do not understand, Brazilians—as the people of 
Southeast Asia and other regions—appear to prefer less acid in their citrus fruit 
than do most North Americans and temperate zone Europeans. 

Perhaps the most striking effect of tropical temperature regimes on fruit 
quality is on rind color (Fig. 7). In subtropical climates, the cool nights during 
fall and winter when most varieties are rapidly gaining in juice and total soluble 
solids content cause changes in the rind so that an acceleration of the break-
down of chlorophyll and the synthesis of carotenoid pigments occur (Erickson, 
1968). Chilling temperatures of 15°C and lower are associated with this change, 
which seems, in turn, to be related to ethylene produced as a result of a chilling 
injury effect (Cooper et al, 1969). In the tropics, lack of chilling temperatures is 
associated with a very slow breakdown of chlorophyll and synthesis of caro-
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Fig. 5 Schematic comparison of seasonal trends in percent acid in juice of 
"Valencia" oranges in a tropical (Palmira), a cool tropical (Medellin), and two 
subtropical climates. (From Reuther, 1973.) 
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Fig. 6 Schematic comparison of seasonal trends in the ratio of total 
soluble solids to'acid in juice of "Valencia" orange in four widely different 
climatic situations. The approximate dates of anthesis were: Palmira, Nov. 1; 
Medellin, Jan. 20; Orlando, March 15; Santa Paula, May 1. (From Reuther, 
1973.) 

tinoids in the rind, so the fruit may be pale green, or at best pale yellow when it 
reaches market maturity. This precludes acceptance of tropical oranges and 
mandarins in most of the great markets of the world, because the consumer is 
used to the bright orange color of oranges and mandarins produced in subtropi-
cal climates. However, grapefruit, pummelos, and limes produced in the tropics 
have quite attractive rind colors readily accepted in European and North Ameri-
can markets. 

Although treatment with ethylene known as "degreening" is used in Florida 
and elsewhere to improve rind color of some early varieties (Grierson and 
Newhall, 1960), such treatment would not be sufficiently effective to transform 
the rind color of tropical oranges and mandarins to a hue competitive with 
subtropical fruits. However, research now in progress shows promise of develop-
ing bioregulators that greatly stimulate the synthesis of carotenoid pigments in 
the rind, even if applied after the fruit has been harvested (Yokoyama et al, 
1976). 

One of the red carotenoid pigments, lycopene, is synthesized in the peel and 
flesh of some grapefruit and pummelo varieties, as well as in such common fruits 
as the tomato. A lycopene pigmented variety such as "Redblush" grapefruit 
becomes very highly pigmented when grown in hot tropical climates, but 
develops only a faint pink tinge in the cooler subtropical climates. On the other 
hand, the so-called blood orange varieties, which synthesize the crimson to 
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Fig. 7 Temperature and rind color of Valencia oranges. Upper: Green 
fruits from a simulated tropical climate (30°-34°C day and 20°-24°C night) 
in a controlled temperature greenhouse. Lower: Bright orange fruits from 
ambient temperatures at Riverside, California (Fig. 2). The upper fruit are 
from trees placed in hot greenhouse Oct. 8, 1969. Both upper and lower fruits 
were harvested and photographed Feb. 2, 1970. 

purple flavonoid pigment anthocyanin, develop the "blood" color only in the 
cooler subtropical climates, and are bloodless when grown in the tropics (Reu-
ther, 1973). 

VI. SOIL 

Citrus is adapted to a wide range of soil types provided they are reasonably 
deep and well aerated. In this respect, its requirements are similar to most tree 
fruits and other perennial woody plants like coffee. Texture, and level of natural 
fertility are of less importance than depth to the water table, hardpan, gravel, or 
rock. With proper adjustment of fertilizer and nutritional spray programs, citrus 
can be grown on soils ranging from calcareous to quite acid. Low inherent 
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fertility may be overcome by proper fertilization, but poor physical conditions 
for deep rooting cannot be corrected as easily or economically. 

About two-thirds of Florida's 350,000 ha of citrus are planted on undulating 
to hilly, deep, well-drained fine sand too low in moisture holding capacity and 
fertility for profitable production of most other crops. On such soils, citrus 
sends down an extensive root system enabling it to utilize moisture in the top 3 
or 4 m of soil. Modern fertilizer and nutritional spray programs supply good 
nutrition so that yields as high as anywhere in the world are achieved. Much of 
the remaining one-third of Florida's citrus is planted on flat terrain on soils 
which, in their virgin state, were imperfectly drained. By construction of 
extensive systems of drainage works, and planting on raised beds, the water table 
is controlled at a level near 1 m by pumping water out in the wet and in during 
the dry season. Investments to make citrus culture feasible on these types of 
soils may be very high. 

VII. MINERAL NUTRITION 

Most of the common citrus species have nitrogen requirements rather similar 
to most other tree fruits. On most soils, vigor and yield are stimulated sharply by 
nitrogen fertilization up to about 50-75 kg per hectare, and then more slowly 
up to about 100-125 kg per hectare (Embleton et al, 1973b). Liberal nitrogen 
fertilization is an almost universal requirement for intensive citriculture. 

In contrast, only citrus orchards on very phosphorous-deficient soils benefit 
from phosphorous fertilization (Embelton et al, 1973b). Citrus appears to be 
exceptionally efficient at accumulating phosphorus from low Ρ soils, perhaps 
because of endomycorrhizae in the roots (Menge et al, 1975). 

Citrus orchards respond to potassium fertilization primarily on acid sandy 
soils low in exchangeable bases, on soils high in calcium, and on soils having a 
high Κ fixing capacity. 

Magnesium deficiency symptoms are common in many citrus growing regions 
due primarily to low native magnesium content of the soil, and to high Ca-K 
saturation of the exchange complex in relation to magnesium. Also, heavy Κ 
fertilization frequently induces a deficiency of magnesium (Embleton et al, 
1973b). 

The calcium requirement of citrus is high in relation to many crop plants, 
perhaps because of sensitivity to secondary toxic effects associated with low pH 
on low base saturated soils. Citrus grows well on soils of pH 5.5 to about 8.0. 
Citrus is grown extensively on highly calcareous soils, but not without certain 
problems (Embleton et al, 1973b). 

Most citrus species are relatively poor foragers for micronutrients, especially 
the heavy metals. Deficiencies of zinc, manganese, and copper once were serious 
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yield-limiting factors in commercial orchards around the world, but now are 
commonly controlled efficiently and cheaply by foliage sprays, and in some 
situations, by soil applications. Boron deficiency is common in many regions, 
especially on acid soils in regions of high rainfall. 

The level of mineral nutrients in the tree may influence the market quality of 
fruit (Embleton et al, 1973a). Thus, manipulation of fertilizer doses and timing, 
within limits, can provide a means for improving market quality of fruit, 
expecially on tropical soils of low native fertility. 

In common with most other tree fruits, citrus species have a low tolerance to 
a high content of soluble salt or boron in the soil (Richards, 1954). 

It seems likely that successful intensive citriculture on the dominant deep, 
well-drained, acid, infertile, red and yellow Latosols (Oxisols) of the Amazon 
basin (Bennema, 1975; Dos Santos, 1972; Falesi, 1972) will require the develop-
ment of efficient means of supplying all nutrient elements. The two elements 
that may provide special difficulties are Ca and Ρ (Blue, 1974), and perhaps 
novel methods will have to be developed to supply these elements economically. 
Fortunately tissue analysis techniques have been well developed for citrus 
(Embleton et al, 1973a), and should prove an invaluable research tool in solving 
such problems. Unfortunately, little is known about the relative tolerance of 
citrus to the high exchangeable aluminum common in Oxisols. Similarly, little is 
known of the implications of the high year-round temperatures in tropical soils 
on nutrient uptake by citrus roots. 

VIII. IRRIGATION 

Although under comparable conditions, less water is used by mature citrus 
trees per hectare than by cotton, for example, estimates for citrus in the 
subtropical United States indicate an evapotranspirational use of 120-160 mm 
during the hottest months (Van Bavel et al, 1967). Similar levels of évapotrans-
piration will probably occur with citrus in the humid tropics during dry periods 
with good soil conditions and efficient irrigation. Thus, an estimate of the 
combined rainfall and supplemental irrigation need for a mature citrus orchard 
in the hottest and driest months would be around 200 mm, taking into account 
runoff and other losses, and inefficiencies in distribution. Of course, this would 
vary with depth and moisture holding characteristics of the soil, and other 
factors. Typically, in the driest areas of the United States, two or three 
irrigations per month are applied in midsummer, ranging between 50 and 100 
mm of water per application. 

Rainfall data in the Amazon valley (Bastos, 1972) show that annual precipita-
tion ranges between 1071 mm (Barra do Corda, Maranhäs) and 3654 mm 
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(Taracua, Amazonas). In common with most American lowland tropical regions 
(Table IV), precipitation in most of the Amazon valley has a monsoon pattern of 
distribution, with dry periods lasting from 2 to 6 or 7 months, especially in areas 
with less than 2500 mm. In all such areas irrigation will be necessary for 
intensive exploitation of citrus. In the drier areas on poorer soils, irrigation will 
be required for tree survival. 

I predict that citrus will do best in regions with 2500 mm or less of annual 
rainfall. With very high rainfall, free water remains too long on tissue surfaces, 
and fungus diseases become major limiting factors. 

In a region such as Altamira (Table IV), with 6 months of rainfall below 100 
mm, it would be possible to manipulate irrigation to influence time of bloom 
(and harvest). Irrigation could be withheld about 6 to 8 weeks during the 
beginning of the dry period or long enough so that the trees become dormant, 
and flower induction takes place—perhaps by August 1 in a normal year. Then 
irrigation could be applied, causing a major bloom in September, and fruit ready 
for harvest the following February or March. Another possibility would be to 
irrigate during the normally dry months of June, July, and August, then 
withhold irrigation until about November 15. A major bloom would then be 
induced in December, which would produce fruit ripening about June or July. 
Fruit ripening during this period, if stressed somewhat for moisture in April, 
May, and June, would have a higher sugar content than fruit which ripens during 
periods of ample soil moisture (Reuther, 1973). Thus, manipulation of irrigation 
has the potential in the tropics for regulating season of maturity and with 
favorable timing, improving fruit quality. 

IX. VARIETIES 

Most, but not all, of the important cultivated varieties of citrus have been 
selected in subtropical regions on the basis of their adaptation to subtropical 
climates. Thus, most cultivars produce fruit of better market appeal in an 
environment that is more subtropical than tropical. Hence, the list of citrus 
varieties well adapted to a lowland tropical climate is short and poorly docu-
mented. 

Among orange varieties, only Valencia stands out as being fairly well adapted 
among the well-known, widely grown commercial varieties. The navel group, 
though of Brazilian origin, would likely become too large, coarse, and insipid in 
the lowland hot humid tropics, although it develops fair to good quality in a 
slightly cooler climate at 1000 m elevation in the Cauca valley of Colombia, and 
at 300 m in the Cruz das Almas area of Bahia, Brazil. Most other orange varieties 
become too low in acid before the sugar content reaches an acceptable level for 
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good eating quality in most hot, humid lowland tropical areas. Although the 
Valencia variety would not be suitable for export as a fresh fruit when grown in 
most lowland tropical areas because of poor rind color and only fair eating 
quality, it probably could be grown to produce industrial juice concentrates for 
export. 

Among citrus varieties that should be well enough adapted to the climate of 
the Amazon valley to be exportable are grapefruit, West Indian lime, and the 
Persian (Tahiti) or Bearss lime. Among the unknown hazards of importance is 
the virulence of virus diseases like tristeza in the Amazon valley, and the 
prevalence and efficiency of its vectors. Both grapefruit and West Indian limes 
are known to be severely affected by some strains of this virus complex in 
certain regions, regardless of the rootstock used. 

Among varieties of grapefruit to try is Marsh, the most widely grown 
commercial sort. It is good for both fresh fruit and industrialization. The 
pigmented sports of Marsh such as Redblush, can also be grown but are less 
adapted to industrial use than the white-fleshed Marsh. The Duncan variety, 
containing many seeds, is suitable only for industrial uses such as juice concen-
trates and canned juice or segments. Both the West Indian and Persian limes 
should be suitable for export fresh and for industrialization. 

Lemon varieties are poorly adapted to the hot, humid tropics, being espe-
cially susceptible to fungus diseases of the bark, and having a tendency to 
produce large, coarse fruit. 

Most of the widely grown mandarin and mandarin hybrid varieties are not 
well adapted to hot tropical climates because of low acid, coarse texture, and 
poor rind color. However, the varieties Willowleaf, Ponkan, Ortanique, Minneola, 
Temple, Fortune, Murcott, Kara, Encore, and Kinnow (see Hodgson, 1967) 
should be tried for local use. It probably would not be worthwhile to try 
satsuma types in the Amazon basin. 

A group of citrus fruit known as pummelos, resembling large grapefruit, are 
examples of citrus varieties selected especially for their adaptation to tropical 
conditions. This highly prized citrus fruit is grown extensively as a commercial 
market fruit in Thailand and other sections of Southeast Asia. Select tropical 
varieties, when grown under subtropical conditions, are of poor quality. Such 
varieties as Kao Pan, Kao Phuang, and Thong Dee from Thailand should be tried 
as a garden and local market fruit in the Amazon basin, which has a range of 
climatic conditions similar to those found in Thailand. 

Because of diseases and other pests, it would not be meaningful to speculate 
on the best rootstock varieties for the Amazon valley. Ultimately, this will have 
to be determined by local experimentation in the major ecological zones. It is 
clear, however, that tristeza-susceptible stocks such as sour orange should be 
avoided. There will undoubtedly be great differences among rootstocks in their 
adaptation to the acid oxisols, but no data are available so far. 
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X. RESEARCH 

Although it is possible to predict in a general way the behavior of a crop such 
as citrus in a new ecological situation, our knowledge of the precise growth and 
fruiting response of citrus to the complexities of climate, especially the thermal 
aspects, is rather limited. The soils of the Amazon basin are largely an unknown 
in relation to culture and rootstocks. Similarly, we are unable to give a very 
precise appraisal of how the relation of pests and diseases to citrus as a host will 
be affected in new ecological situations. It is common experience to find that 
most, but not all, pest control measures developed in subtropical areas are not 
effective in the tropics, or at least require substantial modification to be useful. 
In addition, new regions usually turn up new pests or diseases which require 
research in order to develop effective control measures. 

In view of the above and other considerations, I cannot stress too strongly the 
importance of establishing a thorough program of research to assess the potential 
of citrus, or any other crop, for commercial exploitation in the Amazon valley. 
If large-scale commercial exploitation of citrus is attempted without first assess-
ing its adaptability and developing systems of cultural technology suited to the 
various ecological situations, it will surely fail. The Amazon basin is among the 
largest remaining undeveloped area on this planet. The potential for producing 
food and fiber for the burgeoning population of Brazil and the world can only 
be gauged by substantial investments in agricultural research. Its efficient exploi-
tation will have to be based on a system of locally developed and adapted 
production technology. Although Brazil has some of the best citrus specialists in 
the world, they will need new information obtained from experimentation in the 
Amazon valley to develop a sound system of production technology for the 
various ecological regions. 

In my view, any plan to develop the agricultural potential of the lowland 
humid tropics should emphasize research on tropical tree fruits and nuts. Among 
these, citrus should occupy an important place. Despite its tropical origins, 
almost all varieties now grown extensively around the world were selected in 
subtropical regions for their adaptation to a cool winter climate. The time is long 
overdue to undertake, somewhere in the lowland humid tropics, a long-range 
variety improvement program aimed at discovering the genetic potential for 
citrus as a tropical crop. For example, grapefruit, which probably originated as a 
chance hybrid seedling in the Caribbean tropics, suggests that an array of 
completely new varieties, of hybrid or other origin, might be developed suitable 
for large-scale exploitation in tropical regions. 

Only a well-conceived, long-range, and well-supported program of research can 
indicate the economic and horticultural potential of citrus culture in the Ama-
zon valley and similar humid tropical areas. However, my present knowledge and 
experience suggest that there are some reasons for optimism that citrus will 
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ultimately prove to be of economic significance in the development of such 

areas. 

REFERENCES 

Bastos, T. X. (1972). Ο estado atual dos connecimentos das condicöes climâticas da 
Amazonia Brazileira. Bol. Tec. Inst. Pesquis. Exp. Agropecu. Norte 54, Part 2, 
68-122. 

Bennema, J. (1975). Soil resources of the tropics with special reference to the well drained 
soils of the Brazilian forest region. Ecophysiol. Trop. Crops 1,1-47. 

Blue, W. G. (1974). Management of Ultisols and Oxisols. Proc. Soil Crop Sei. Soc. Fla. 33, 
126-132. 

Brooke, D. L. (1970). Orange production costs and return in Florida season 1968-69 with 
comparisons. Univ. Fla., Coop. Ext. Serv., Econ. Ser. 70-3,1-19. 

Burke, J. H. (1967). The commercial citrus regions of the world. In "The Citrus Industry" 
(W. Reuther, L. D. Batchelor, and H. J. Webber, eds.), Vol. 1, pp. 40-189. Div. Agric. 
Sei., University of California, Berkeley. 

Cooper, W. C , Rasmussen, G. K., and Waldon, E. S. (1969). Ethylene evolution stimulated 
by chilling in citrus and persea sp. Plant Physiol. 44 ,1194-1196. 

Dos Santos, W. H. P. (1972). Ο estado atual dos connecimentos sôbra os solos da Amazonia 
Brazileira. Bol. Tec. Inst. Pesquis. Exp. Agrupecu. Norte 54, Part 1, 9-67. 

Elfving, D. C , Kaufmann, M. R., and Hall, Α. Ε. (1972). Interpreting leaf water potential 
measurements with a model of the soil-plant-atmosphere continuum. Physiol. Plant. 
27,161-168. 

Embleton, T. W., Jones, W. W., Labanauskas, C. K., and Reuther, W. (1973a). Leaf analysis 
as a diagnostic tool and guide to fertilization. In "The Citrus Industry" (W. Reuther, 
L. D. Batchelor, and H. J. Webber, eds.), Vol. 3, pp. 183-210. Div. Agric. Sei., 
University of California, Berkeley. 

Embleton, T. W., Reitz, H. J., and Jones, W. W. (1973b). Citrus fertilization. In "The Citrus 
Industry" (W. Reuther, L. D. Batchelor, and H. J. Webber, eds.), Vol. 3, pp. 122-
182. Div. Agric. Sei., University of California, Berkeley. 

Erickson, L. C. (1968). The general physiology of citrus. In "The Citrus Industry" (W. 
Reuther, L. D. Batchelor, and H. J. Webber, eds.), Vol. 2, pp. 86-126. Div. Agric. 
Sei., University of California, Berkeley. 

Falesi, I. C. (1972). Solos da rodovia transamazônica. Bol. Tec. Inst. Pesquis, Exp. Agrupecu. 
Norte 55, 196 pp. 

Food and Agriculture Organization. (1970). "Report on 1960 Census of Agriculture." F AO, 
Rome. 

Food and Agriculture Organization, Production Yearbook, 1974. F AO, Rome. 
Frost, H. B., and Soost, R. K. (1968). Seed reproduction: Development of gametes and 

embryos. In "The Citrus Industry" (W. Reuther, L. D. Batchelor, and H. J. Webber, 
eds.), Vol. 2, pp. 290-234. Div. Agric. Sei., University of California, Berkeley. 

Fundaçâo Instituto Brazileiro de Geografia e Estatistica, Ministerio do Planejamento e 
Coordenaçâo Gérai, Anuârio Estatistico do Brazil, 1975, Rio de Janeiro. 

Grierson, W., and Newhall, W. F. (1960). Degreening of Florida citrus fruits. Fla., Agric. 
Exp. Stn., Bull. 620. 

Hodgson, R. W. (1967). Horticultural varieties of citrus. In "The Citrus Industry" (W. 



Citrus 439 

Reuther, L. D. Batchelor, and H. J. Webber, eds.), Vol. 3, pp. 431-591. Div. Agric. 
Sic , University of California, Berkeley. 

Menge, J. Α., Gerdeman, J. W., and Lambright H. (1975). Mycorrhizal fungi and Citrus. 
Citrus Ind. Mag. 5 6 , 1 6 - 1 8 . 

Newman, J. E. (1968). Estimating water needs of citrus orchards. Citrus Ind. Mag. 49, 
19-24. 

Passos, O. S., and Sobrinho, Α. P. DaC. (1970). "Cultura dos citros no estado da Bahia." 
IPEAL/SUDENE, Cruz das Almas, Bahia, Brazil. 

Passos, O. S., Rodrigues, Ε. M., and Caldas, R. C. (1971). "Citrus Fruit Maturity in the State 
of Bahia, Brazil." Instituto de Pesquisas Agropecuârias do Leste, Cruz das Almas, 
Bahia, Brazil. 

Platt, R. G. (1973). Planning and planting the orchard. In "The Citrus Industry" (W. 
Reuther, L. D. Batchelor, and H. J. Webber, eds.), Vol. 3, pp. 48 -81 . Div. Agric. Sei., 
University of California, Berkeley. 

Reuther, W. (1973). Climate and citrus behavior. In "The Citrus Industry" (W. Reuther, 
L. D. Batchelor, and H. J. Webber, eds.), Vol. 3, pp. 280-377. Div. Agric. Sei., 
University of California, Berkeley. 

Reuther, W., and Rios-Castafto, D. (1969). Comparison of growth, maturation and composi-
tion of citrus fruits in subtropical California and tropical Colombia. Proc. Int. Citrus 
Symp., 1st, 1968 Vol. 1, pp. 277-300. 

Richards, L. Α., ed. (1954). "Diagnosis and Improvement of Saline and Alkali soils," Agric. 
Handg. No. 80. U. S. Department of Agriculture, Washington, D.C. 

Rios-Castafto, D., Torres-M., R., and Camacho-B., S. (1968). Ensayo de patrones para las 
naranjas 'Indian River' y 'Valle Washington' en Colombia. Agric. Trop. 24 ,491-496 . 

Savage, Z. (1967). 35 years of orange costs and return in Florida. Univ. Fla., Agric. Ext. 
Serv. Econ. Ser. 6 7 - 6 , 1-23. 

Shuler, P. E., Todd, J. W., and Scarborough, E. F. (1970). "Florida Agricultural Statistics. 
Citrus Summary 1970." Florida Department of Agriculture, Tallahassee. 

Stebbins, G. L. (1969). The effect of asexual reproduction on higher plant genera, with 
special reference to citrus. Proc. Int. Citrus Symp., 1st, 1968 Vol. 1, pp. 455—458. 

Torres-M., R., and Rios-Castafto., D. (1968). Crecimiento y maduration de frutos citricos en 
el Valle de Cauca./4£W. Trop. 24, 502-517. 

Trinidad and Tobago. (1959). "Administrative Report of the Agriculture Department." 
Government Printing Office, Trinidad. 

Van Bavel, C. H. M., Newman, J. E., and Hilgeman, R. H. (1967). Climate and estimated 
water use by an orange orchard. Agric. Meteorol. 4, 27-37. 

Webber, H. J. (1943). Plant characteristics and climatology. In "The Citrus Industry" (W. 
Reuther, H. J. Webber and L. D. Batchelor, eds.), Vol. 1. Univ. of Calfornia Press, 
Berkeley. 

Yokoyama, H., Hsu, W., Poling, S. M., Hayman, E., and DeBendict, C. (1976). "Enhance-
ment of Color and Provitamin A Quality of Citrus Fruit," Citrus Res. Conf., 1976, 
Mimeo Summ. U. S. Dept. of Agriculture, Fruit and Vegetable Chemistry Labora-
tory, Pasadena, California. 



C H A P T E R 

16 

Banana 

EGBERT A. TAI 

I. Introduction 441 
II. World Production and Trade 442 

III. Botanical Classification 444 
IV. Geographical Distribution 444 
V. Environmental Requirements 448 

A. Temperature 448 
B. Light 449 
C. Air Movement 449 
D. Rainfall and Humidity 450 
E. Soil 451 

VI. Pests and Diseases 453 
A. Insects 453 
B. Nematodes 454 
C. Fungal Diseases 454 
D. Bacterial Diseases 455 
E. Viral Diseases 455 

VII. Management Practices 456 
A. Establishment 456 
B. Regulation of Soil Moisture 456 
C. Maintenance of Soil Fertility 457 
D. Crop Production 457 
References 457 

The statement that "bananas are the most important of the tropical fruits" 
(Purseglove, 1972) cannot be successfully challenged. It is generally known that 

I. INTRODUCTION 

The statement that "bananas are the most importa 
(Purseglove, 1972) cannot be successfully challenged. ] 
in world production of fruits bananas rank after grapes. 
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The cultivated banana is believed to have originated in Southeast Asia—India, 
Indochina, Malaysia, and the Philippines—and probably became domesticated 
before historical times. The naturally occurring propagation by vegetative means 
made possible the perpetuation of seedless types, and selections from these were 
almost certainly the progenitors of present-day cultivars. Simmonds (1959) cites 
Reynolds (1951) as claiming that the earliest references to banana cultivation 
occur in Indian writings of 500-600 BC and long after, circa AD 200, mention 
of the fruit first appeared in Chinese literature. 

The likely course of spread appears to be through Malaysia to the western 
Pacific area at a very early stage; subsequent distribution in the Pacific islands 
took place as the result of movement by the Polynesians. There is speculation on 
how bananas reached Africa; although there is no record of the crop in East 
Africa prior to 1300 AD (Greenway, 1944) the opinion is held (Baker and 
Simmonds, 1951 ; Thomas, 1955) that the introduction was effected long before, 
possibly by the Indonesians who settled in Madagascar prior to the days of the 
Arab traders. [The Arab traders are credited by Reynolds (1951) with taking 
bananas to the coast of East Africa during the first millenium AD.] From East 
Africa the spread across the continent to the west coast was simple, and the crop 
was well established there by the time Europeans colonized the area. 

The Portuguese took the banana to the Canary Islands at the beginning of the 
fifteenth century (Reynolds, 1927) and later to the New World. In 1516 Friar 
Tomas de Berlanga brought bananas to Santo Domingo, and since then many 
introductions have been made in that region. The possibility exists that bananas 
were known in the Americas in pre-Columbian times, but sufficient evidence has 
not been found to confirm this. 

Export trading in bananas started with small shipments from the Caribbean to 
the United States of America early in the ninteenth century; these consisted of 
bunches, probably Gros Michel, transported in unrefrigerated space on schoon-
ers. Later came the steamships, extension of the trade to Europe, and the use of 
the first refrigerated banana boats to take fruit from Jamaica to Bristol in 1901 
(Simmonds, 1959). Today the greater part of world banana trade is still based in 
the Americas, but large amounts of the fruit are also produced and sold in 
foreign markets by Asian and African countries, Australia, and islands of the 
Pacific. In addition, it is to be noted that Cavendish types have largely replaced 
the Gros Michel in commerce. 

II. WORLD PRODUCTION AND TRADE 

Table I giving approximate areas, production, and export of banana from 
some countries in which the crop is of major importance was compiled from 
figures supplied in the Commonwealth Secretariat publication, FRUIT 1972. 
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TABLE I 
Approximate Areas, Production, and Export of Banana 

Production 

Export 
Country ha

fl
 tons** tons

0 

Americas 
Brazil 273 9266 204 
Colombia 728 6048 257 
Costa Rica 25 1018 867 
Dominican Republic 24 435 400 
Ecuador 179 4330 1364 
French Antilles 19 344 229 
Honduras 98 3571 828 
Jamaica 38 142 136 
Mexico 77 1000 n.a. 
Nicaragua 11 81 n.a. 
Panama 37 929 600 
Venezuela 115 1249 15 
Windward Is. 30 192 134 

Europe 
Canary Is. 11 416 391 

Africa 
Burundi 127 1278 n.a. 
Cameroun 52 1188 50 
Egypt 3 68 -
Equatorial Africa 61 711 n.a. 
Ethiopia 17 n.a. -
Ivory Coast 187 1252 142 
Kenya 121 n.a. -
Madagascar 10 132 12 
Somalia 11 110 100 
South Africa 19 n.a. -
Tanzania 189 n.a. -
Uganda 464 n.a. -
Zaire 263 1776 -

Asia 
India 229 3155 8 
Malaysia 19 322 21 
Pakistan 49 797 -
Philippines 217 755 n.a. 
South Vietnam 18 164 n.a. 
Taiwan 47 458 n.a. 
Thailand 198 1334 n.a. 

Australia 9 131 -
a
Measured in thousands. 
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Although the information should not be regarded as truly up-to-date and precise, 
it provides an idea of the coverage of the banana trade. It is noteworthy that 
several of the largest producers are not exporters; domestic consumption may 
even require importation. Figure 1 indicates the main regions of production and 
the flow of trade. 

III. BOTANICAL CLASSIFICATION 

The practice of assigning species status to groups of the edible bananas and 
plantations, e.g., Musa sapientum, M. paradisiaca, M. Cavendishii, is no longer 
favored and has been superseded by a genome nomenclature for cultivars in 
recognition of their derivation from two wild species: Musa acuminata and Musa 
balbisiana. Simmonds and Shepherd (1955) devised a method of indicating the 
relative contributions of these two species to the constitution of any cultivar and 
applying the derived information to arriving at a suitable designation. Fifteen 
characteristics were chosen for pointing out differences between M. acuminata 
and M. balbisiana and showing how their contributions can be identified; ploidy 
was then taken into consideration. By this procedure naturally occurring edible 
bananas fall into six groups: two diploid, AA and AB; three triploid, AAA, AAB, 
ABB; and one tetrapoloid, ABBB. 

The best known bananas of commerce belong to the AAA group which 
includes the Gros Michel and Cavendish; other groups of some importance are 
AAB, most prominent of which are Mysore, Silk, and the Plantains, and AAB 
which includes Bluggoe and Pisang Awak. Each of the cultivars mentioned has 
numerous other names and it is recognized that "it will be many years before an 
authoritative list of names and identities can be compiled" (Simmonds, 1959). 
To add to the confusion, bananas are highly subject to somatic mutation which 
may introduce different degrees of variation in nearly any plant characteristic, 
resulting in the need for additional names. 

Of some interest are representatives of other naturally occurring groups: 
Sucrier AA, Lady's Finger AB, and Tiparot ABBB. In the extensive breeding 
work initiated in 1922 at the Imperial College of Tropical Agriculture and 
carried out in Jamaica and Honduras since then, AAAA bananas were produced 
of which IC2 and Bodies Altafort (Osborne, 1962) are examples, and recently 
attention is being directed to production of AAA triploids. 

IV. GEOGRAPHICAL DISTRIBUTION 

Bananas are essentially plants of the humid tropics and do not thrive in areas 
where the temperature falls below 15°C or where annual rainfall is less than 



Fig. 1 Banana trade routes (from Simmonds, 1959). Diagonally ruled areas indicate areas of production. 
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2000 mm. Suitable conditions for banana occur within the region lying between 
30°N and 30°S of the equator and very little banana growing is done outside of 
this region; Israel in the Northern Hemisphere and New South Wales, Australia in 
the Southern Hemisphere are the limits of commercial banana production. 
Figure 2 shows the world distribution of the banana growing areas. 

The balbisiana genome is associated with greater drought hardiness and 
resistance to disease than occur in M. acuminata. It is not surprising, therefore, 
that hybrids of AB, AAB, and ABB constitution are better adapted to monsoon 
areas with marked dry seasons; these bananas show wide variability and are 
grown chiefly for local consumption as in India and Uganda. The AA and AAA 
bananas are produced mainly in areas where rainfall is equally distributed 
throughout the year or where water for irrigation is readily available; the greater 
uniformity of the AAA types makes them particularly suitable for large scale 
production for export as in Central America, the Caribbean islands, and northern 
South America. 

The Gros Michel cultivar was, up to about fifteen years ago, the most 
important of all the bananas. Its susceptibility to the Panama disease wilt has 
been responsible for reducing the acreage to almost negligible proportions in the 
majority of banana-growing countries today; only where new land can be cleared 
for planting is it cultivated as in parts of Ecuador, Colombia, and Panama. The 
hope is sustained that the highly desirable quality of the Gros Michel fruit will 
be preserved in the commercial hybrids expected to result from the breeding 
programs now in progress by using it or its dwarf mutant, Highgate or Cocos, as 
the female parent. 

Nearly every place where banana crop is commercially important, clones of 
the Cavendish subgroup immune or resistant to Panana disease are grown. 
Selection among these has yielded several cultivars of value and promise. The 
Dwarf Cavendish, under a multiplicity of names, is the most widespread, espe-
cially in the cooler regions of the "banana zone"; it is the basis of trade in Brazil, 
Canary Islands, Israel, Somalia, and South Africa, and of significance in Australia 
and the French Antilles. The Giant Cavendish is less common but is gaining 
ground in several areas; it achieved greatest prominence in the French Antilles 
and Australia, but its cultivation on an increasing scale has also been noted in the 
Caribbean and Central American areas. 

The Robusta is grown in the Caribbean islands for export, and is believed to 
be on the increase in several other banana areas such as Australia, Brazil, and 
islands of the Pacific; it is frequently confused with the cultivar named "Laca-
tan" in Jamaica but is claimed by Simmonds (1959) to be "Pisang masak hijau." 
This cultivar is of significant importance only in Jamaica where it replaced Gros 
Michel when revival of banana production was given attention after World 
War II. 



Fig. 2 Distribution of banana crops (from Simmonds, 1959). B, bananas grown for local consumption; T, bananas grown for export. , 
15°C isotherm; wetter , 2000-mm isohyet. 

drier 
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A clone that came to fore about 1953 is the Valéry, selected in Honduras by 
the United Fruit Company. It spread in Central America and Jamaica initially, 
but is now grown also in other West Indian islands and in northern South 
America. 

V. ENVIRONMENTAL REQUIREMENTS 

Ideal conditions for banana growth are a mean atmospheric temperature of 
27°C, monthly rainfall of 100 mm, exposure to full sunlight, protection from 
wind, deep soil of high fertility, free drainage, and a pH of 6.5-7.0. In very few, 
if any, instances can all these conditions be satisfied, and commercial production 
is practiced where these conditions vary greatly. 

A. Temperature 

The growth of banana plants is greatly reduced at temperatures lower than 
16°C, and at that temperature leaf emergence comes to a complete stop 
(Champion, 1963) in at least one commercial cultivar, the Poyo, which is of 
major importance. If low temperature is prolonged, the expanded leaves may 
develop symptoms similar to those due to water shortage; they lose turgor, 
become yellow, and die prematurely. The dwarf Cavendish is capable of with-
standing lower temperatures than other commercial cultivars but is killed by the 
slightest frost; this fact limits the extent to which this crop may be grown in 
subtropical areas such as Israel, South Africa, and Australia. 

Reduction in vegetative growth due to cold is accompanied by an extension 
of the period from planting to appearance of the first inflorescences. In areas of 
best production, the peak of the "plantilla" harvest may be reached in a year, 
whereas a much longer time may be required elsewhere; Martin-Prével (1974) 
reports an average of 18 months, in South Africa, for instance. Even in the 
tropics, variation in prevailing temperatures resulting from differences in altitude 
causes significant differences in the planting-shooting period. In Jamaica, Lums-
den (1960) found that the period increased by approximately one month for 
every 100 m rise in elevation above sea level, and in Martinique it was observed 
at the Institut des Fruits et Agrumes Coloniaux (Montagut, 1961) that a dif-
ference of 70 m in altitude was reflected in the lengthening of the planting-
shooting period by 46 days. 

A condition known as "choke" occurs frequently with dwarf banana cultivars 
as one effect of low temperatures: elongation of the internodes of the true stem 
and also of the leaf sheaths making up the pseudostem is reduced so that vertical 
separation of the laminae may be absent at the "throat" and the crown takes on 
the appearance of a rosette; the bunch is not properly shot and the individual 
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hands may be malformed. In the Canary Islands (Holmes, 1930) and Guinea 
(Champion, 1951) "choke" is well known in the Dwarf Cavendish. 

Continuing cold weather affects the rate of fruit production, the time taken 
to reach maturity, and ultimate yield; in addition a "chilP' effect on fruit is 
often observed in the field as a result of even short cold spells. Banana latex 
coagulates in the pericarp of the fruit at 12°C, imparting a dull brown pigmenta-
tion (Slocum, 1933; Puvis, 1945) in subepidermal streaks which detract con-
siderably from the appearance of the fruit when it ripens. 

Other effects of chilling may not be immediately apparent, but are nonethe-
less serious; these include uneven softening of the pulp in ripening and predis-
position toward development of storage rots and other blemishes. In banana-
consuming countries the variation between "summer" fruit and "winter" fruit is 
fully recognized. 

B. Light 

There is no evidence of photoperiodic response in bananas but the length of 
the vegetative cycle is extended at low light intensity (Murray, 1961), although 
new leaves will emerge and unfurl in complete darkness (Skutch, 1931). In the 
shade, the pseudostems grow to a greater height than in open sunlight and, when 
interplanted with tall-growing coconut palms in Jamaica Lacatan, bananas have 
been reported to require up to two months longer to mature fruit than when 
planted in the open. 

The photosynthetic activity of banana leaves was found by Brun (1961) to 
increase rapidly at illuminations between 2000 and 10,000 lux and more slowly 
between 10,000 and 30,000 lux when measurements were conducted on the 
abaxial surfaces where stomata are more abundant. It is doubtful whether full 
use is actually made of the high light intensities present in Egypt and Israel 
where up to 77,000 lux have been recorded (Ticho, 1960). In fact, "sunburn" of 
fruit can result from exposure to high light intensity, especially when this is 
accompanied by high temperatures, as is evidenced by fruit harvested from 
plants on which the foliar canopy has been reduced by sigatoka leaf disease, low 
temperature, or other causes. 

C. Air Movement 

Because of its large saillike leaves the banana plant is highly susceptible to 
wind damage; the lamina is split into strips by even gentle air movement and it is 
rare to encounter entire banana leaves. Mild tearing of the laminae normally is 
not serious, but severe shredding caused by winds of up to 20-30 km an hour 
prevailing during the trade wind season in the Caribbean regions can, together 
with accompanying distortion of the crown, reduce yield of marketable fruit. 
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The use of effective windbreaks can minimize losses, and plants of the vigorous 
"wild" banana, Musa balbisiana, are satisfactory for this purpose. Windbreaks 
also mitigate the desiccating action of steady air movement over the leaves and 
help to maintain the turgor desirable for assimilatory processes. 

Winds of a velocity greater than 40 km per hour frequently cause breakage of 
the pseudostems and sometimes uproot single shoots or even complete mats, 
depending on the particular cultivar, the age, and state of health of the plants; 
young plants tend to break, whereas older ones, especially those with hanging 
bunches, become uprooted, and any condition leading to a poorly developed 
root system (attack by burrowing nematode is an example) will also be up-
rooted. 

Breakage of leaves due to high winds is not very common among the 
commercial triploid banana cultivars; the A AAA tetraploids produced in the 
existing breading programs are, however, susceptible to leaf petiole breakage as 
the result of even light winds. Simmonds (1962) attributed this to the fact that 
"tetraploids in relation to triploids have a high regression of leaf weight on area 
and a low regression of strength on weight." 

Windstorms, which occur frequently in the tropics, are destructive to banana 
populations, and the "hurricane season" is usually dreaded in banana producing 
areas. Blow-down constitutes the greatest single source of loss to banana planta-
tions; for instance, Simmonds (1959) estimated the loss in Cameroun at a mean 
of over 20% per annum based on reported (Borel and Pélegrin, 1951) blow-
downs of 55, 69, and 53% of samples of 1000 plants in the three years 1949 to 
1951. There is no answer to the problem of windstorm damage to banana as no 
windbreaks are effective against cyclones or hurricanes. 

D. Rainfall and Humidity 

It is generally accepted that the water needs of bananas are ideally supplied 
by 100 mm of evenly distributed rainfall each month and that serious shortage is 
experienced when there is less than 50 mm in any month. Nowhere, however, do 
perfect rainfall conditions exist, and irrigation is required at certain times of year 
to obtain optimum growth and production in most areas. This is by no means 
surprising when the very large transpiring surface presented by each banana plant 
is taken into consideration. According to Champion (1963), at the usual density 
of 900 mats/ha, Gros Michel bananas actively transpire from a surface of 40,500 
m

2
 and Dwarf Cavendish at 2500/ha transpire from 37,500 m

2
. If each plant 

produces a new leaf each week there is no difficulty in appreciating that the 
water needs of a banana area must be constantly high. The studies of Morello 
(1954) in Brazil and Shmueli (1953) in Israel indicate that water loss by banana 
leaves in full sun amounts to 40-50 mg/dm

2
/min when the stomata are wide 

open. 
When atmospheric humidity is high and the rate of transpiration is matched 
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by the rate of absorption of water, the two sides of each fully expanded leaf 
lamina lie in the same plane and the stomata remain open; in dry air or under 
even slight water stress the half-laminae move through 90° at their junction with 
the midrib, as if on hinges provided by the pulvinar bands, and lie in parallel 
planes reducing the exposure of the lower surfaces while at the same time the 
stomata close. This action tends to aid in conservation of water in the tissues and 
in preventing or delaying the consequences of severe deficit; it occurs on each 
day of sunny weather in the life of the banana plant. 

Extended periods of heavy rainfall may cause saturation of the soil to 
considerable depths and so give rise to drainage problems as banana plants are 
intolerant of "wet feet"; waterlogged conditions for 24 hours result in dying of 
roots and yellowing of leaves. Rain also creates high atmospheric humidity 
which may lead to more intense and greater spread of destructive leaf diseases 
such as sigatoka. 

Acute drought produces wilting and collapse of leaves followed by desicca-
tion and breaking of the pseudostem above ground; the roots also dry out and 
die, but usually the corm retains moisture and has the capacity to regenerate 
shoots long after the original pseudostem has disappeared. Dry weather which is 
not sufficiently severe to cause death of the shoots induces "choke" in cultivars 
of the Cavendish subgroup; in some instances the plants take on the appearance 
of Ravenala (Portères, 1950). "Choke" may occur in the purely vegetative 
development, involving only the crown of leaves, and then is known as "engorge-
ment foliare" by French workers, or it may also involve the emerging inflores-
cence, when it is termed "engorgement floral." In the tall-growing cultivars of 
banana the inflorescence may fail to reach the throat and burst through the side 
of the pseudostem on the way up. Freeman (1938a,b) mentions that, apart from 
being necessary for proper elongation of the inflorescence-bearing organ, water 
in the form of a thin film is required as a lubricant to facilitate its passage 
through the closely appressed leaf sheaths of the pseudostem. 

Dry weather always adversely affects fruit development, and even when the 
"shooting" occurs under favorable conditions faulty filling out as a result of 
subsequent periods of water stress is sometimes evident in harvested bunches; all 
of the fruit or part, consisting at times of single hands, may show the effects. In 
Fig. 3 some effects of dry weather on banana development are illustrated. 

E. Sou 

Bananas are grown commercially on a wide range of soils on varied topogra-
phy; good aeration is common to most productive sites. The natural internal 
drainage is often supplemented with the removal of excess water by artificial 
devices to make available as great a volume of soil as possible for occupation by 
the banana roots. Measures to ensure adequate fertility and moisture are also 
necessary. 
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Fig. 3 Effect of dry period on development of banana bunch. A, Poorly 
filled fingers on distal hands; B, poorly filled fingers on otherwise satisfactorily 
developed hand. 

Root development is best on soils of crumby structure as are found in the 
alluvia of Central America. These vary in texture from heavy clays to stony 
sands but all possess abundant pore spaces. In the compact clays and fine 
impermeable sands of Trinidad and eastern Venezuela banana roots do not 
survive for long; overall growth is poor and conditions favor attack by moko 
disease 

Soil reaction does not in itself appear to have any significant effect on banana 
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growth, and vigorous, healthy, productive plants occur on acid, neutral, or basic 
soils of pH 4.5 to 8.0 in Jamaica. It is known, however, that at low pH the 
effects of sigatoka disease are more severe (Leach, 1943). Outside the pH 6.0 to 
7.0 range the absorption of some mineral nutrients is affected: on acid soils 
banana plants frequently suffer from phosphorus deficiency while on soils of 
basic reaction potash nutrition is often limiting. 

The mineral composition of soils for the growing of bananas is not regarded 
as of equal importance to the physical characteristics mentioned. Adequate 
nutrition for satisfactory growth can usually be ensured by addition of the 
appropriate fertilizers. The use of the major elements was determined by Bâillon 
et al (1933) for Dwarf Cavendish banana grown in the Canary Islands and by 
Martin-Prével (1962) for the same cultivar in Guinea; there is evidence that the 
greatest demand is for potash so that the potash status of the soil merits 
attention if bananas are to be cultivated. Accumulation of salt in the soil above a 
concentration of 500 ppm is toxic to banana (Jacks, 1936); such accumulations 
sometimes occur in irrigated lands or in areas reclaimed from saline swamps. 

VI. PESTS AND DISEASES 

Bananas are subject to attack by many natural enemies which cause damage 
to aerial and underground organs. Insects, nematodes, fungi, bacteria, and viruses 
restrict development of the crop in different areas and at times are sufficiently 
serious to call for extensive coordinated campaigns for effective control. A very 
useful annotated list of recorded pests is given by Simmonds (1959) and the 
diseases are extensively treated by Wardlaw (1961). 

A. Insects 

The most widespread banana pest is the weevil borer, Cosmopolites sordidus, 
believed to have originated in Southeast Asia, and now almost universally 
associated with banana growing. Both larvae and adults feed on tissues of the 
corm and weaken the plants mechanically by their tunneling as well as physio-
logically by reducing the store of assimilated material. Detailed studies of the life 
history of the insect have been made in several areas (Froggatt, 1925; Leonard, 
1931; Cuillé, 1950) and recommendations given for control by trapping, use of 
insecticides, or predators and parasites (Vilardebo, 1953; Leach, 1959). Good 
weed control and crop sanitation have proved effective in keeping down losses 
due to this pest. Other beetle borers attack banana corms—Phyllophaga and 
Metamasius species in the Caribbean area, Oryctes sp. in West Africa and the 
Pacific islands—but do not attain the level of importance of Cosmopolites. 

Insects which affect the leaves, petioles, and pseudostem include locusts, 
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grasshoppers, caterpillars of several lepidopterous species, scales, and aphids. 
These are not of general economic importance although in individual instances 
severe losses may be incurred. The aphis, Pentalonia nigrinervosa, has been 
identified as the vector of "bunchy top," the most serious virus disease of 
banana (Magee, 1927; Hardy, 1941). 

Disfigurement of banana fruit is caused by several insects; although the damage 
seldom extends to the pulp the value may be reduced to practically nothing. 
Banana thrips, Scirtothrips signipennis, is serious in Queensland, Australia, where 
it is responsible for losses due to "banana rust" (Caldwell, 1938; Smith, 1947). 
This and other species of thrips are known in the Caribbean and the Americas— 
Paleucothrips musae and Systenothrips latens in Ecuador (Hood, 1956), Frank-
liniella sp. in St. Lucia and St. Vincent (Fennah, 1947)-but do not appear to 
have a serious impact on banana production. They occur mainly in conditions 
favorable to the development of "choke." Scarring of fruit is caused by the scab 
moth, Nacoleia octasema, a beetle, Colaspis hypochlora, and slugs and snails in 
wet locations or during long spells of rainy weather. 

B. Nematodes 

A strain of the burrowing nematode Radopholus similis is a destructive pest 
of banana; it causes the blackhead toppling disease (Leach, 1958) and has been 
the subject of study by Loos and Loos (1960), Holdeman (1960), Vilardebo 
(1960), Edmunds (1968), and others. Because of its specificity to banana, 
effective control is feasible through the use of clean seed (Loos, 1961), and 
satisfactory procedures have been evolved for this purpose. Other nematode 
species attack banana; Meloidogyne spp. produces galls on the roots while 
Helicotylenchus multicinctus kills the rootlets, adversely affecting absorption of 
water and nutrients, especially on light-textured soils. Treatment with nemato-
cides and elimination of alternate hosts from the vicinity of banana plants have 
proved effective methods of control when carefully applied. 

C. Fungal Diseases 

Banana wilt caused by Fusarium oxysporum f. cubense has had more effect 
on banana production than any other single factor. It is basically responsible for 
the trend away from the susceptible Gros Michel cultivar to others of the 
resistant Cavendish subgroup and also for the initiation of banana breeding 
programs of considerable magnitude in the West Indies and Central America. 
There is no known effective method of controlling this disease which has spread 
to all areas of commercial banana production despite elaborate precautions in 
some instances. The relative importance of Panama disease is now less than it 
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was a decade ago although it is still desirable to take measures to exclude it from 
"new" banana plantings such as occur when virgin forest is cleared for this 
purpose. Literature on Panama disease is extensive as is information on the range 
of relevant research; very useful descriptions are provided by Wardlaw (1961) 
and Stover (1962). 

Sigatoka (Mycosphaerella musae) and black leaf streak (M. fijiensis) are the 
most virulent leaf diseases. The former occurs throughout banana-growing areas 
but the latter is at present unknown in the Americas. Economic control mea-
sures for sigatoka disease by aerial spraying have evolved from considerable 
research (Leach, 1946; Calpouzos, 1955; Guyot, 1954) and are widely adopted, 
but these are not fully effective against black leaf streak which has wiped out 
much of the banana formerly grown in the Fiji Islands. Acid soils and humid 
atmosphere with inadequate air drainage favor the development of these two 
diseases. 

Several other leafspots caused by fungi sometimes appear on banana leaves; 
they are seldom of significance as only plants weakened by other causes are 
usually attacked. Among the best known are Cordana leafspot (Cordana musaé), 
black spot (Deightoniella torulosa), and leaf speckle (Chloridium musae), which 
are readily controlled by copper sprays. 

On the fruit the tips of the fingers are subject to cigar-end rot attributed to 
Verticillium theobromae on Dwarf Cavendish in the West Indies and Trachy-
sphaera fructigena on Gros Michel in Cameroun (Brun and Champion, 1955). 
Infections of the skin which results in fruit rots during storage and ripening after 
harvest sometimes occur in the field. The fungi Piricularia grisea and Gloeospori-
urn musarum are most frequently responsible. 

D. Bacterial Diseases 

A wilt with symptoms similar to those of Panama disease is caused by certain 
strains of Pseudomonas solanacearum. The organism may gain access through the 
roots especially on ill-drained land or any injured area of the aerial part of the 
banana plant. Losses from the disease are of considerable proportion in Central 
America, but application of satisfactory preventive measures (Buddenhagen and 
Sequeira, 1958; Hildreth, 1961) can obviate these. A rhizome rot is caused by 
Erwinia carotovora (Loos, 1962) in wet locations. 

E. Viral Diseases 

Bunchy, top occurs widely in Asia, Australia, and the Pacific, but has not been 
recorded in the Americas. It is spread by the use of infected planting material 
and is believed to have been first observed in Fiji. The aphid, Pentalonia 
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nigrinervosa, is the only known vector of the disease (Magee, 1927, 1940b). 
Other virus infections of banana are known; of very wide distribution is in-
fectious chlorosis or heart rot (Reinking, 1950; Wardlaw, 1948) caused by 
a strain of cucumber mosaic virus and transmitted mainly by Macrosiphon 
solanifolii or Asphis gossypii; and Rayadilla, described by Cardenosa (1952) in 
the Cauca valley of Columbia and Roxana (Wardlaw, 1961) in Costa Rica, is 
also worthy of mention. 

VII. MANAGEMENT PRACTICES 

It is unlikely that perfect conditions for banana production exist in any 
location. However, knowledge of the requirements, preferences, and tolerances of 
the banana plant can be applied to devise ways and means of modifying existing 
conditions to make them as ideal as possible. 

A. Establishment 

Selection of the site largely determines the management practices to follow. 
Effective procedures for ensuring continued good growth of the plants and 
satisfactory yields will depend on the nature of the microclimate, soil type, 
exposure, and topography. Deep well-drained soil of crumby structure, avail-
ability of reasonably abundant water from rainfall or other sources, existence of 
good air drainage, and shelter from strong wind are important considerations. 

Preparation of the land for planting involves preliminary tillage to accom-
modate the "seed" which is best obtained from a source free of pests or disease. 
The "seed" may be set in individual holes or furrows before being covered with 
soil; in either event the need for including soil conservation measures, such as 
basing all operations on contours when the land slopes, must not be overlooked. 
Greater freedom, and more work, exists where new land is being cleared in 
forests for cultivating bananas. 

B. Regulation of Soil Moisture 

The water content of banana tissue is high, and since it must come from the 
soil, provision of a regular supply in adequate amounts is necessary. Excess at 
any time is undesirable and should be drained away; shortages at other times 
occur even in wet areas and then, unless water is added by one of the approved 
methods of irrigation, the plants may suffer and be unproductive. In some 
instances it is possible to store water drained away in times of surplus for use in 
irrigation in times of drought. 
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C. Maintenance of Soil Fertility 

The nutrient needs of bananas cannot be supplied indefinitely by any soil; use 
of fertilizers and manures becomes necessary to replace the mineral elements 
removed at harvest. There should never be a need to replenish basic reserves once 
initial fertility is built up. In this regard, determinations of the nutrient status by 
chemical analysis of soil and the banana plant leaves should be helpful. 

In addition to the major nutrients, Ν, P, and K, other elements are essential 
for good growth of bananas, and deficiency symptoms appear when they are 
missing. Descriptions of symptoms and measures for correcting the deficiencies 
have been given by Cooil and Shoji (1953), Moity (1954), Murray (1959), and 
Jordine (1962). 

D. Crop Protection 

Reduction of the need for banana plants to compete for essential water and 
nutrients is achieved by weed suppression. Use of mechanical means for this 
purpose has largely given way to the application of herbicides. Protection against 
natural enemies such as pests and disease organisms can be achieved through 
field sanitation and other culture measures or directly with pesticides. 

It is sometimes advisable to provide protection from natural phenomena such 
as spells of unfavorable weather. Windbreaks offering shelter from the drying 
effects of even gently prevailing winds are of great benefit to banana plants, and 
under special circumstances artificial heating may be employed against cold, as is 
done in Queensland (Trim, 1948), by burning sawdust in the fields. 
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I. INTRODUCTION 

The economic yield of any crop is the ultimate result of a series of biosyn-
thetic processes, which in turn are influenced by an array of environmental 
factors. Any attempt to improve the crop must, therefore, take into considera-
tion these factors and their interactions. The relative impact of various environ-
mental factors on the overall growth and productivity of a plant is dependent to 
a great extent on its genetic background as well as on its morphological and 
physiological characteristics. 

Substrate constituents (soil), conducting fluid (water), differential reactions 
to variations in photo- and thermoperiods and the resultant changes in climatic 
parameters are the important ecophysiological factors that influence crop pro-
duction. Apart from these ecological factors which determine the physiological 
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limit of crop production, the biotic environment can limit crop distribution even 
in areas where climatic and edaphic factors are favorable for growth. Social 
environment also will have a great influence in determining whether a particular 
crop is actually grown in an area which has potential crop producing ability. 

Cashew {Anacardium occidentale L.) is found growing in many areas of the 
tropics either as a naturalized or cultivated plant. In recent years the crop has 
attained great economic importance in India, East African countries, and Brazil. 
In addition to the highly nutritious kernels, the cashew nut shell oil forms an 
important raw material for industrial purposes. The enlarged peduncle of the 
fruit known as cashew apple is used for various purposes, including alcoholic 
beverages. Despite this great economic importance of the crop, studies on the 
role of the ecophysiological factors on growth and production have been very 
limited. Isolated attempts have been made to study the influence of these 
factors, mainly on flowering. The effects of ecophysiological factors on vegeta-
tive and reproductive growth of the cashew plant, in relation to its geographical 
distribution, are reviewed briefly. 

The French, Portuguese, and Dutch seafarers described cashew from Brazil in 
the sixteenth century, and the first illustrative description of cashew was given 
by Thevet in 1558 (Johnson, 1973). The fact that cashew is not mentioned in 
Spanish chronicles covering the exploration of the Caribbean islands probably 
shows that it was introduced after the arrival of the Spaniards. Cashew was 
introduced to the Malabar coast of India in the sixteenth* century by the 
Spaniards, and probably served as a dispersal point for other centers in India and 
Southeast Asia (da Costa, 1578; van Linschoten, 1598). The popular explanation 
that cashew was introduced to the coastal areas of India to check soil erosion 
was not acceptable to Johnston (1973), chiefly because soil erosion was not 
known until the twentieth century. He believed that the Spaniards who were 
aware of the uses of cashew in medicines, foods, and beverages visualized the 
potential importance of this crop to India. From India it was carried eastward to 
Amboina in Indonesia (Rumphius, 1962); dispersal of the species to Southeast 
Asia appears to have been carried out by birds, bats, monkeys, and human agents 
(Burkill, 1935; Johnson, 1973). The earliest record of cashew growing in Africa 
is that of de Loureiro (1790), although Johnson (1973) surmised that it was 
introduced to that continent by the Portuguese much earlier. 

Cashew is believed to have originated in southeastern Brazil. "Acaju" is the 
name given to cashew by the native Tupi Indians of Brazil. According to 
Johnson (1973) this became "Caju" in Portuguese, cashew in English, etc. Most 
of the names used in India and Southeast Asia are derived from the Portuguese 
"Caju" for cashew. This also serves as a solid piece of evidence that the cashew 
originated in Brazil. 

The cashew growing regions of the world have been separated into five 
climatic types (Johnson, 1973) based on "Koppen" climatic types. The largest 
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areas among these, the " A " type, include the east coast of India, Indonesia, 
East Africa (Tanzania and Mozambique), Northwest Malagasy, West Africa, 
Caribbean islands, and Central America. The cashew areas are concentrated 
mostly in the coastal regions in Malaysia (Ridley, 1930), Sri Lanka (Paul and 
Canagarathnam, 1937), India (Rao, 1958a), Mozambique (Ascenso, 1970), and 
Venezuela (Araque, 1968), although cashew is found in inland regions in limited 
areas up to elevations of 1000-1200 m (Martins, 1965; Argles, 1969). In India, 
cashew is grown mainly in the coastal regions of southern India and to a limited 
extent in West Bengal and Assam. 

Argles (1969) discussed the wide range of ecological factors under which 
cashew had become naturalized. In areas where cashew is found rainfall varies 
from 500 mm in Angola, Colombia, and Northern Venezuela, to 3500 mm on the 
west coast of India (Naik, 1949; Argles, 1969; Johnson, 1973). Though cashew 
trees are drought resistant under conditions of limited rainfall, closely spaced 
trees with a closed canopy may undergo severe moisture stress compared to 
widely spaced and clean-weeded trees. 

Cashew is generally grown in sandy, lateritic, and rocky soils considered to be 
unsuitable for most other crops, with a preference for loams and sandy loams 
(Argles, 1969; Johnson, 1973). Free drainage and absence of brackish conditions 
are essential for cashew; it grows poorly in heavy clay (Morton, 1961; Argles, 
1969). 

The cashew plant is extremely sensitive to frost and excessively hot, dry 
weather, as found in northern parts of India (Argles, 1969). However, it is being 
cultivated up to 27°N (southern Florida) and 28°S latitude (South Africa) 
(Joubert and Thomas, 1965). 

II. BOTANICAL FEATURES 

Cashew belongs to the family Anacardiaceae, which includes many eco-
nomically important tropical and subtropical trees and shrubs characterized by 
resinous bark and alternate leaves. Anacardium occidentale L., the cultivated 
cashew, is a low spreading evergreen tree reaching a height of 10-15 m. The tree 
is usually branched near the base, giving a spreading and procumbent appear-
ance. It has a large tap root and an extensive network of lateral and sinker roots. 
The leaves are alternate, simple, smooth, leathery, obovate, rounded, and 
notched at the apex, tapering at the base, and crowded at the ends of the 
branches. 

The inflorescence is a terminal panicle more or less conical in shape, with 
secondary branches appearing in racemes. The ultimate branchlets of the pani-
cles, however, are cymes, the terminal buds opening earlier than lateral buds. 
The secondary and tertiary branches are subtended by bracts. The average length 
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of panicle varies from 14 to 21 cm and the number of flowers per panicle varies 
from 200 to 1600 (Damodaran et al, 1966). According to Dasarathi (1958), 
cymose branching of the panicle continues until the sixth or even the seventh 
order. 

Cashew flowers are small, regular, pentamerous, white or light green at the 
time of opening, later turning to pink. Flowers are either bisexual or male, and 
both occur intermixed in the same inflorescence. The structure of the male and 
bisexual flowers is similar except that the pistil is either rudimentary or absent in 
the male. Rarely, female and neutral flowers have also been reported. 

The androecium consists of one fully developed stamen and 7-9 staminodes 
(Damodaran et al, 1966). The filament of the well-developed anther in the 
hermaphrodite flower is only half as long as that of the staminate flower, and 
the level of its anther is much lower than that of the level of stigma (Damodaran 
et al, 1*966). According to Northwood (1966), the male flowers usually have 
one large exerted stamen and 5-9 small inserted ones; most of the small stamens 
also produce pollen. In hermaphrodite flowers, the pistil normally is longer than 
the large stamen, but occasionally it is shorter or about the same size. 

The ovary is superior, reniform, and monocarpellate. The cashew fruit is a 
kidney shaped nut 3-5 cm long and 2.0-3.5 cm wide, weighing about 3-20 gm. 

III. GROWTH IN RELATION TO ECOLOGICAL FACTORS 

Harmony between climatic and vegetative rhythms of crops is very rarely 
obtained. During certain "critical" stages of development, the plants either make 
more definite or exacting demands on environmental factors or are more easily 
affected adversely by these factors at suboptimal or supraoptimal levels. This is 
particularly so with perennial crops such as cashew in which distinct growth 
patterns exist during the prehearing or juvenile stage and the bearing stage. Also, 
in spite of the capacity of cashew plants to tolerate a wide range of climatic and 
edaphic conditions, plant responses to variations in climatic and other environ-
mental factors differ markedly during specific critical growth stages such as 
germination, vegetative growth, flowering, and fruit set, and development. 

This section briefly summarizes growth characteristics of cashew as a prelude 
to a discussion of the functioning of the plant system in relation to environmen-
tal factors. 

Marked variations among progenies of individual trees occur in shape, size, 
and weight of nuts, and shape, size, and color of apple. This is to be expected in 
a heterozygous, cross-pollinated, and seed-propagated population. Maturity and 
selection of seeds, storage and planting methods, and their effects on germina-
tion and yield potential have been investigated. Studies in India showed that 
medium-sized nuts germinated better than heavier or lighter nuts (Rao and 



Cashew 465 

Hassan, 1956; Shetty and Bhatkal, 1965; Rao, 1974). Argles (1969) recom-
mended consideration of specific gravity in selection of nuts. Seeds with higher 
specific gravity germinate more rapidly, show greater viability, and produce 
more vigorous seedlings. These produce a higher percentage of inflorescences in 
the first season of flowering (Turner, 1956). Northwood (1967) observed that 
seedlings from the higher density group grew better and had higher yields during 
the first three years of harvest, although the differences between these and 
low-density groups disappeared by the fourth year. Studies in India have indi-
cated that there is no appreciable difference in germination of nuts collected at 
different periods of the season (Rao and Rao, 1957). The observation that the 
nut attains its full growth and maximum specific gravity by the fortieth day 
after pollination when the apple just begins to increase in size (Dasarathi, 1958) 
suggests that the nut is physiologically mature and capable of producing a 
normal plant when the apple has hardly started to develop. 

Seeds stored in airtight containers retain their viability up to 11-12 months 
and still give 95-98% germination (Rao et al, 1957). Rocchetti and Panerai 
(1970) found that seeds can be stored under dry airtight conditions up to 2 
years without affecting viability. 

Depth and position of sowing the seeds were also studied in India (Aiyadurai, 
1966). Better germination and straight stemmed seedlings were obtained when 
seeds were sown slanted at an angle of 45° at a depth of 5-8 cm with the hilum 
upward. As depth of planting increases, germination is delayed as well as 
decreased (Rao et al, 1957; Rao, 1974). 

Rocchetti and Panerai (1970) demonstrated that temperature greatly affected 
germination of cashew nuts. Their studies with temperatures ranging from 10° to 
40°C showed that the highest percentage of germination occurred at 35°C. The 
percentage of germination declined appreciably at 30° and 25°C and was highest 
at 20° and 40°C. The speed of germination was also very rapid at 35°C. These 
observations suggest that there is a critical temperature range for obtaining 
maximum percentage and rate of germination of seeds, and different germina-
tion percentages reported from the center may be due to the sharp fluctuations 
in temperature (Argles, 1969). 

Various methods of vegetative propagation of cashew such as grafting, layer-
ing, and use of cuttings are possible. Air layering was attempted early in India 
and Tanzania and has been successful under the humid conditions of the west 
coast of India (Rao, 1958b). Seasonal variations in the percentage of successful 
establishment of layers under different climatic conditions in India were re-
ported by Aiyadurai (1966) and Rao (1958b). Maximum success in air layering 
in Ullal, India was obtained during the hot weather period when the trees were 
in full flush. But in Tanzania the rainy season was best for air layering when the 
trees were not in flower (Northwood, 1964). However, in both cases best rooting 
was obtained when the trees were in the peak period of the vegetative growth 
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phase. This important observation led Argles (1969) to suggest that the vegeta-
tive growth phase, and not rainfall or presence or absence of flowers and fruits, 
determines the success of air layering. Observations in India (Aiyadurai, 1966) 
that nonflowe ring shoots had significantly higher rooting percentages than 
flowering shoots also tend to confirm this hypothesis. The available information 
also indicates that vegetative propagation is most successful when temperature 
ranges are reasonably high and moisture stress is not severe. At cashew research 
stations, Ullal and Vengurla (India), trees showing complete failure of root 
formation in air layers have been identified (D. G. Bandekar, personal communi-
cation, 1972). Tree to tree variation in root-forming ability also has been 
reported in Tanzania (Northwood, 1964). While the variation between trees 
could be due to fluctuations in climatic factors such as temperature and 
moisture, differences maintained consistently throughout the year suggest in-
herent variation in root-forming ability. Inarching was found feasible, with 
40-75% success in India. The best results with approach grafting were achieved 
when the plants were growing, and the least success when the trees were 
dormant or just beginning growth flushes (Rao and Rao, 1957). Side grafting is 
also successful under conditions in India. Sixty to seventy percent success in side 
grafting was obtained at Vengurla on the west coast of India during September-
October. The results were almost similar at Bhubaneswar on the east coast. Side 
grafting has been successful with plants of up to 3-4 years old. Veneer grafting 
was equally successful at Vengurla during July-August on younger seedlings. 

Shield budding has been the most efficient and economic method of grafting in 
the Philippines, Malaysia (Argles, 1969), and Mozambique (Albergaria, 1968). 
Although this method has been found to be successful in India also, intensive 
studies for economic exploitation of this method were initiated only very 
recently. The best results were obtained at the cashew research stations at 
Vengurla and Vridhachalam (India) during August-October. 

Thus it appears that only air layering and approach grafting have been 
subjected to any detailed investigation. Approach grafting is highly desirable and 
has many advantages over air layering, since it gives a rooting system comparable 
to that in seedlings, at the same time maintaining genetic purity of the mother 
tree through the scion. However, approach grafting is more expensive and 
cumbersome than air layering. With all its limitations, air layering is still regarded 
as the most satisfactory method of vegetative propagation of cashew. 

Side grafting, veneer grafting (Fig. 1), and budding are three potentially 
economic methods of propagation. The fact that they can be used in the field 
makes them all the more important. Economic exploitation of these methods, 
therefore, deserves highest priority. Whatever the efficacy of the method of 
propagation, an efficient method of clonal propagation useful on a commercial 
scale is yet to be standardized. Large scale orchards are even being raised from 
elite seeds alone. 
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Fig. 1 Veneer grafts of cashew. 

Difficulties experienced in transplanting seedlings have been attributed to the 
inability of the tap root to recover from injury (Argles, 1969). More difficult is 
the problem of establishing approach-grafted or layered plants after they are 
separated from the parent trees (Alvim, 1973). Investigations in Jamaica (Tai 
and Topper, 1947) and India (Hassan and Rao, 1957) showed that transplanting 
losses could be reduced by lifting seedlings when seeds have just germinated or 
by cutting one-half of two-thirds of the top of the older plant, but not by 
severing the tap root several weeks in advance of transplanting or by halving the 
leaves. Tap root dominance may not play such an important part in cashew as 
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generally assumed (Argles, 1969). Tsakiris and Northwood (1967) showed that 
tap root dominance was relatively short lived. Argles (1969) interpreted the 
above data in terms of fluctuation in top-root ratio (ratio of the transpiring top 
to absorbing root) and explained how heading back, but not tap root severance, 
resulted in higher survival. The layered plants also do not endure transplanting 
well. The usual practice is to harden them for a few days after separation from 
the parent trees. Observations in India show that precuring the layered twig by 
removing all its leaves about a week before the separation fo the twig and 
transplanting immediately after separation from the parent tree improves plant 
establishment. Precuring probably helps to activate the growing bud. The obser-
vation conforms to the view expressed by Argles (1969) that the top-root ratio 
is at its lowest point and the trees are in the best condition to survive transplant-
ing when the terminal buds are just starting to swell preparatory to making a 
new growth flush. 

IV. REPRODUCTIVE GROWTH 

In a bearing cashew tree, two or three peak periods of growth are usually 
observed, even though under favorable conditions of soil moisture and other 
environmental factors, as in parts of Tanzania, stray shoot growth may occur 
almost every month (Argles, 1969). The pattern of growth of a bearing tree, best 
characterized as one of indeterminate flushing, consists of a generative flower 
flush and a vegetative flush. The vegetative flush, consisting of lateral shoots, 
always develops soon after the main fruit crop has matured. Flowering is 
terminal and is universally preceded by the vegetative flush. Rao (1956) recog-
nized two major flowering flushes in cashew, one in November and the other in 
May. Dasarathi (1958) observed two main flushes in December and May and 
another minor flush in September resulting in off-season flowering in some trees. 
Galang and Lazo (1936) also recognized three corresponding flushes in Novem-
ber, May, and July in the Philippines. 

Correlation between growth and fruiting has been long known (Naik, 1949; 
Rao and Crane, 1956; Mallik, 1957). Fruiting in any crop is the ultimate end 
product of a long complicated series of physiological and growth features 
preceding flowering. In both mango and cashew, Galang and Lazo (1936) 
stressed the significance of growth features for an understanding of bearing 
tendencies. They found that productivity was associated with leaf area and 
internode length. Dasarathi (1958) reported that trees with excessive vegetative 
growth and long internodes bore less than those with slow or medium vegetative 
growth, and concluded that high yield was associated with medium internode 
and moderate vegetative growth (Rao and Crane, 1956). Dasarathi (1958) 
attempted to trace the growth of shoots from the vegetative phase in two 
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consecutive flowering seasons and correlated the rate of growth with productiv-
ity. Cashew flowers in February on current shoots which commence growing in 
December under east coast conditions in India. Normally a flower shoot pro-
duces two lateral shoots in June-July after fruiting, and they flower in February 
after the growth in December. The minor flushes of September result in 
off-season flowering in November. After growth, the shoots produce up to four 
laterals and about 30% of these flower in the main season. Thus, in cashew some 
twigs support two flowering periods in a year without any rest, whereas in 
mango, a shoot rarely bears more than one crop annually. Given proper care, 
cashew always is a regular bearer unlike mango, which is either biennial or 
irregular ih bearing habit (Naik and Mohan Rao, 1943). 

Dasarathi (1958) recognized two types of branching in cashew, intensive and 
extensive (Figs. 2 and 3). The intensive shoot grows to a length of about 25-30 
cm and terminates in a panicle. Simultaneously, three to eight laterals arise 
within 10-15 cm of the apex. Some of these lateral shoots may also terminate in 
panicles in the same flowering season. These flowering laterals act as leaders in 
the following season, repeating the growth process described above, giving a 
well-covered bushy appearance to the tree. The extensive shoot grows to a length 
of 20-30 cm and rests. Further growth is a bud sprouting 5-8 cm below the 
apex. This process of growth continues 2-3 years without any flowering. This 
pattern of growth produces a spreading tree. Both types of branching are 
observed in all trees, but one type dominates a tree. High yielding trees have 
more than 60% intensive branches whereas low yielders have less than 20%. The 
intensive type of branching has a distinct advantage in that the number of 
laterals produced and percentage of laterals that flower are greater in the 
extensive type. In the intensive type of branching up to 75% of the shoots 
flower but in the extensive type only 12% flower. 

The desirability of having erect growth in cashew has been emphasized by 
Morton (1970). Trees exhibiting the usual uncontrolled sprawling growth have 
nothing but a tangled mass of base and dead branches. This is very similar to the 
extensive type of branching described by Dasarathi (1958). 

If growth of cashew is unchecked it develops into a low spreading plant. 
Regular pruning is used in Tanzania, Mozambique, Venezuela, and Colombia to 
induce plants to grow into acceptable shapes (Mutter and Bigger, 1962; Goldson, 
1966; Northwood, 1966; Albergaria, 1966; Araque, 1968). Rao (1958a) and 
Dasarathi (1958), however, do not agree with this view and found that, after 
pruning, the tree loses potential flowering branches with consequent adverse 
effects on yield. 

Cashew is extremely sensitive to light and produces more foliage, flowers, and 
fruit on exposed than on shaded bunches (Morton, 1970). Close planting may 
result in overlapping of branches of adjacent trees; shading decreases stem 
diameter and in extreme cases results in dead twigs. According to Argles (1969), 
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Fig. 2 Intensive branching of cashew. 

closely planted trees may undergo moisture stress whereas widely spaced trees 
flourish with an annual rainfall of 75 -90 cm. In the light of the limited 
information available, it is difficult to determine whether productivity is actually 
influenced by moisture stress or by shading. 

Flowering in cashew is profuse. About 85-90% of the shoots of a bearing tree 
flower every year (Dasarathi, 1958; Rao, 1956). The number of flowers per 
panicle may vary from 200 to 1600 and the proportion of staminate flowers 
from 75 to 90% (Damodaran et al, 1966; Rao and Hassan, 1957). According to 
Dasarathi (1958), the maximum number of perfect flowers per panicle is found 
in the middle of the flowering season, with a gradual reduction toward the 
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Fig. 3 Extensive branching of cashew. 

beginning and end of the season. Northwood (1966) reported a ratio of 3.7:1.0 
male to hermaphrodite flowers in Tanzania. The above observations indicate that 
the proportion of male flowers to bisexual flowers varies considerably depending 
on season, location, and even tree characteristics. The flower opens in Tanzania 
between 8:30 AM and 2:00 PM, with a peak opening between 10:00 AM and 
12:00 noon (Northwood, 1966). Under Bapatla conditions (east coast of India) 
anthesis starts as early as 1:00 AM. The peak is attained between 8:00 AM and 
12:00 noon (Dasarathi, 1958). The stigma is receptive as soon as the flower is 
open, and receptivity lasts for about 2 days. Anthesis starts 1-5 hr after the 
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opening of the flowers. Cloudy weather retarded the opening of flowers on the 
west as well as east coasts of India (Rao, 1956; Dasarathi, 1958). Temperature 
was considered to be more important than humidity in controlling flower 
opening (Dasarathi, 1958). 

As mentioned, cashew flowering is delayed as one moves from the equator 
and to high altitudes. Conceivably the delay in flowering is due to low tempera-
ture. Despite the absence of sufficient experimental evidence, low temperature 
probably retards bud break in cashew. 

Another interesting observation made by Dasarathi (1958) is that "the period 
of minor flush generally coincides with the interval between the monsoons. 
During monsoon the plants remain dormant till December when intensive 
growth starts again to terminate in flowering." In other cashew growing areas in 
India, if the temperature range is favorable, intensive growth starts imme-
diately after the heavy rains. The bud remains dormant during the rainy season 
and becomes active after the rains. Alvim (1960) demonstrated that moisture 
stress was a prerequisite for bud break and that dormancy could be prolonged 
indefinitely provided the plants were irrigated frequently. High plant water 
potential (low water stress) is necessary for the opening of flowers, but it has no 
effect if the plants were not previously submitted to moisture stress. The 
response of cashew is slightly different from the "hydroperiodic" response 
reported for other plants (Alvim, 1960). The growth flush and flowering in 
cashew start after the rains when there is a gradual decline in relative humidity. 
Bright sunshine hastens the process. A favorable temperature range, low relative 
humidity, and bright sunshine probably provide the optimal conditions required 
for reduction in growth inhibiting factors, resulting in bud growth. Water 
potential of the plant never appears to be a problem in cashew for further 
development of the bud. 

A. Pollination 

The extent of self-pollination in cashew has not been determined with 
accuracy. The style is longer than the filament and consequently the stigma is at 
a higher level than the anthers, showing that cross-pollination is favored. The 
occurrence of strong scented flowers and sticky pollen not only support this 
view but also emphasize the importance of insects over wind as pollinating 
agents (Rao, 1956; Dasarathi, 1958; Northwood, 1966). In addition, Northwood 
(1966) reported that when the inflorescences were bagged, they failed to 
produce nuts in the absence of hand pollination. Artificial pollination increases 
fruit set (Northwood, 1966; Rao and Hassan, 1957). Under natural conditions, 
pollination is not very efficient and only 3% set was observed on the west coast 
of India (Rao, 1956). Under east coast conditions, Dasarathi (1958) noted an 
average fruit set of 6-12%. By hand pollination he increased fruit set to a 
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maximum of 80%, with an average of 40%. Failure of pollination was, therefore, 
one of the reasons for low fruit set in cashew under conditions in India. On the 
other hand, Northwood (1966) observed that in Tanzania flower production, 
pollination, and fruit set were efficient, and those factors did not limit the yield. 
A close ratio between style and stamen was helpful in obtaining good set in 
mango (Naik and Mohan Rao, 1943) and cashew (Rao, 1956). Northwood 
(1966) reported that the pistil is normally longer than the large stamen, but 
occasionally it is shorter or about the same size. The fact that sometimes 
dehiscence of anthers starts even before flowers open and the stigma is receptive 
(Dasarathi, 1958) is of great significance. If such a pattern of development 
occurs in flowers having stigmas equal or nearly equal in size to styles (North-
wood, 1966), it might help in self-pollination. It would also help explain why 
pollination is not a limiting factor for fruit set in Tanzania. 

The time span from fruit set to maturity is about 60 days. The true fruit or 
nut completes its growth in about 40 days after the apple just starts increasing in 
size, and another 10-20 days are required to reach maturity. However, at high 
temperatures, the number of days from pollination to fruit set decreases. 

B. Flowering and Latitude 

Variations in the flowering season of cashew in different countries are related 
to latitude (Fig. 4). The flowering season is from June to November in Tanzania, 
with a peak in August-September (Northwood, 1966). The peak flowering 
period is August-September in Brazil (Popenoe, 1924), October in Mozam-
bique, and March in the Philippines (Galang and Lazo, 1936). Seasonal variations 
in flowering also occur in different parts of India. At Anakkayam and Mangalore 
on the west coast, 13°N of the equator, the peak flowering is in early January 
and the peak harvest in early April (Rao, 1956). At Bapatla, 17°N latitude on 
the east coast, peak flowering occurs between January 15 and February 15 and 
the crop is harvested by the end of April (Dasarathi, 1958), whereas further 
north in Berhampur harvest is prolonged until the end of May. There is a gradual 
delay in flowering as one moves north or south from the equator. It is interesting 
to note that the crop is ready for harvest in the summer both above and below 
the equator. Dasarathi (1958) also observed a strong influence of temperature on 
growth, flowering, and fruiting of cashew. The isochrones drawn from the data 
collected under the All India Phenological Scheme on mango, neem, tamarind, 
and babul on various photophases show similar variation in the flowering periods 
as noted by Randhawa (1957). He stated that for each degree of change in 
latitude northward there was a shift of approximately four days in each photo-
phase. The relationship between latitude and flowering probably reflects the 
effect of latitude on temperature. Away from the equator the minimum tempera-
ture in the winter is low for a longer time. The minimum temperature main-



Fig. 4 Peak flowering periods of cashew in different parts of the world. 
(1) India-west coast (January); (2) India-east coast (January-February); (3) 
Tanzania and Brazil (August-September); (4) Mozambique (October); (5) 
Philippines (March). 

tained during this period probably is well below the critical temperature 
required for bud break. The observation that cashew trees at higher altitudes, 
irrespective of latitude, show almost the same tendency for late flowering and 
fruiting tends to support the above views. It is well known that night tempera-
ture, humidity, and daylength affect floral initiation in both annuals and 
perennials. 

V. CROP IMPROVEMENT 

The aims of crop improvement programs are (a) to build plants of desirable 
genetic potential and ideal plant type and (b) to create the necessary environ-
ment for growth in order to exploit the genetic potential. The history of 
geographical distribution shows that variability in the cultivated cashew has been 
very low. The original introduction probably consisted of nuts from a few trees 
and thus had a very limited genetic base from which all the presently cultivated 
cashews in India evolved. This may be true for most other cashew growing areas 
except those of South America. Hence, there is an urgent need to increase 
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genetic variability of the breeding materials in cashew by introducing additional 
collections from its original home. The results of such introduction could 
be the direct utilization of new varieties, parent materials in hybrids, or genetic 
stocks resistant to disease and pests. It is well established that even if introduc-
tions are made from similar ecophysiological regions, their direct adoption in 
new countries is rather limited because of failure to compete with local germ-
plasm. But the aim of introduced germplasm of cashew should be its use in a 
hybridization program to evolve locally adapted, high yielding, and disease/pest 
resistant types. 

The success of any breeding program depends on the selection procedure 
adopted. The characteristics selected should be present in high frequency and 
should have high heritability. The heritability of desirable characteristics, such as 
medium length of internode, intensive branching, intensive flowering, high 
proportion of bisexual flowers, short flowering phase, nut size, and shelling 
percentage, and correlation of these and other morphological characteristics with 
yield must be estimated. The possibilities of both vegetative and seed propaga-
tion of cashew are of considerable advantage in estimating the additive and 
nonadditive components of heritability and interaction of genotype with envi-
ronment. These genetic parameters could be estimated rapidly in cashew as 
compared to plants propagated by seeds alone. Correlating seedling characteris-
tics with subsequent yield will be an added advantage in selection. After 
establishing the selection criteria along the above lines, a short-term approach 
would be to make a complete survey of the individual plantations within and 
outside the country to identify the best hybrids. Rapid multiplication of these 
natural hybrids should make it possible to replace the existing plants with 
superior genotypes. 

Large scale genotypes can be synthesized through hybridization of new 
introductions from the center of origin of these collections. Wherever possible, it 
would be desirable to develop inbred lines, either from the original introductions 
or from synthesized genotypes, for their specific combining ability. Inbred lines 
with good combining ability could be used to synthesize desirable hybrids and to 
exploit hybrid vigor. Clonal propagation of cashew is an advantage since hetero-
sis can be fixed and the need for continuous seed production for fresh planting 
can be obviated. 

Cashew is a unique crop, wherein the advantages of both seed and vegetative 
propagations can be exploited. While production of hybrid strains with favorable 
gene interaction can be maintained through vegetative reproduction, composite 
or synthetic varieties could easily be developed with seeds. For development of 
synthetics, different genotypes can be tested for general combining ability and 
good combiners can be used to form the base population. The parental lines of 
the synthetics can be maintained through vegetative propagation and, wherever 
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deterioration sets in the original strain, it can be reestablished through a fresh 
cycle. Mass pedigree or recurrent selection can be used to improve the synthe-
tics. 

Yield is a complex characteristic influenced by physiological and biochemical 
processes in plants, morphological architecture of plants and its interaction with 
environmental factors, and resistance to diseases and pests. Most plant breeding 
programs follow two approaches to develop varieties with high yield potential 
which Donald (1968) termed "selection for yield" and "defect elimination." In 
addition, a new approach involves breeding of model plants or ideotypes with a 
view to tailoring new varieties of cashew for different environments. 

Comparatively little work has been done in forest and other perennial 
cultivated plants on the influence of canopy structure and leaf geometry on 
growth and productivity because of the difficulty in obtaining phytometric 
measurements. Critical comparison of photosynthesis in cashew plants with 
different canopies is desirable to determine the optimum plant canopy for high 
yield. The current practice of allowing unlimited canopy growth will have to be 
modified accordingly. 

The available evidence indicates that cashew ideotypes should have intensive 
branching with medium internodes, more flowering laterals, a short flowering 
phase, high percentage of bisexual flowers, high fruit set, large nuts with high 
shelling percentage, and kernels with high protein content. Cashew breeders 
should endeavor to synthesize such varieties with high adaptability to varying 
ecophysiological conditions. 
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I. INTRODUCTION 

Mango (Mangifera indica L.), which has been grown in India for the last 6000 
years (Hill, 1952) is an important commercial crop of several countries, particu-
larly those of Southeast Asia: the Philippines, Indonesia, Java, Thailand, Burma, 
Malaya, and Ceylon. It is also quite popular in Egypt, Southeast Africa, South 
Africa, Hawaii, and the islands of the West Indies (Fig. 1). Considerable effort 
have been made to develop mango as a potential market crop in Brazil, the 
United States (Florida), Israel, tropical Australia, and Mexico. In India, mango 
occupies an area of 2.2 million acres out of a total acreage of 3.16 million acres 
of orchards. 

Mukherjee (1972) pointed out the local origin on the mango from wild M. 
indica, without intervention of other species. The mango spread eastward out of 
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Fig. 1 Mango regions of the world. 

India perhaps as early as 400-500 BC in the hands of Buddhist monks but did 
not become diffused through the islands and into the Pacific until much later. 
Mukherjee (1972) believes that it was moved westward as late as the sixteenth 
century by Portuguese travellers from Goa by way of East Africa to West Africa 
and the New World. Mangoes were first grown in the West Indies in the 
eighteenth century and reached Florida in 1833. The Portuguese were also the 
first to introduce mango in Brazil by the beginning of eighteenth century (Pope, 
1929). 

The biggest obstacle to the spread of mango in both hemispheres, except in 
India, has been the short-lived character of its seed, which was formerly the only 
agent known for its propagation and dissemination. With recent advances in 
vegetative propagation and means of transport, grafted varieties of mango are 
being introduced to all countries found suitable for cultivation of the species. 

Mango belongs to the dicotyledonous family Anacardiaceae and is said to 
have descended from a single species, Mangifera indica L. Elongation of the long 
tap root seems to continue until it reaches the water table, and only a few 
anchoring branches are developed at that time. Mango roots reaching a depth of 
18 feet have been recorded (Stephens, 1949). In Bihar (India) it has been 
reported that a 60-year-old Frazli tree had anchor roots which descended nearly 
4 m and then became horizontal, but the finer roots were confined to the top 50 
cm, with the majority in the top 25 cm on deeper and lighter soils. After the 
elongation phase, the surface roots begin to develop, and form a dense network 
just below ground level. At Saharanpur (India) a thin branch root from a 
30-year-old seedling mango tree extended for 25 feet on one side of the tree. 

The aerial part of the tree develops as an evergreen, erect, and branched 
structure, and the foliage forms a beautiful canopy. The top of the tree is usually 
oval, elongated, or dome shaped. The dark gray bark is thick, rough, with 

II. GROWTH CHARACTERISTICS 
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numerous small fissures, and foliating scales. Mango trees grown from seeds are 
mostly erect and robust, while grafted trees generally are dwarfed with spreading 
branches. Sometimes mango trees are very vigorous; a specimen with a spread of 
120 ft and a girth of 20 ft has been reported in Brazil (Popenoe, 1920). Probably 
the largest mango tree, whose main trunk has been damaged, is near Chandigarh 
(India). Its circumference is 28 ft and it spreads 150 X 120 ft. Some varieties 
such as Machhali and Brindabani can also be trained as creepers. 

Branches of mango are very numerous, the lower ones spreading horizontally 
to a great extent, the upper ones gradually ascending until they become nearly 
erect in the center. The branchlets are rather thick and robust, with alternating 
groups of long and short internodes. They are terete and glabrous yellowish 
green when young. 

The leaves are simple, alternate, irregularly placed along the branchlets, 
sometimes remote and at other times crowded, long-petioled, oblong ovate to 
oblong lanceolate, base acute to cuneate, narrowed, apex acute to acuminate, en-
tire often with wavy margins, and glabrous on both surfaces. The length and width 
vary from 5 to 15 inches and 1 to 5 inches, respectively, depending on variety 
and culture. The secondary veins are quite prominent, numerous, pinnately 
nerved, and distinctly reticulate veined. 

New shoots arise mostly as laterals from axillary buds around the stump of 
the previous year's fruited twig. Such growth either remains unextended or 
continues to make extension growth in subsequent periods, depending on the 
variety. Terminal growth is always in the form of an extension of shoots already 
produced. Axillary adventitious buds may also produce new shoots. Mango 
shoots grow in periodic flushes with frequency of flushing mainly regulated by 
climatic factors. Flushing may also be a varietal characteristic. In India 2-5 
flushes are reported in different climatic regions. Under conditions in southern 
India, where summers and winters are milder than in northern India, shoot 
growth occurs more or less continuously rather than in distinct flushes. 

The mango is commonly subject to alternate or irregular bearing. Vegetative 
and floral growth are closely interrelated. Inflorescences are generally borne on 
shoots nearly one year old, and the shoots which bear panicles of flowers do not 
ordinarily produce vegetative growth until after harvest. However, if fruit set 
fails or fruits fall early, lateral shoots may be produced early enough to flower 
the following spring. 

III. EFFECT OF ENVIRONMENT ON GROWTH AND YIELD 

Mango tolerates a wide range of climate, and is particularly well adapted to 
tropical and subtropical climates. Temperature and rainfall within a clearly 
defined range are essential. 
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A. Temperature 

The minimum endurance temperature lies between 34° and 36°F. In Florida 
young mango plants up to 5 years old were killed at a minimum temperature of 
26.5°F (Popenoe, 1920). At Saharanpur (India), a temperature of 31° and 32°F 
killed 1-year-old plants whereas only the growing tips of 4-year-old plants were 
killed (Singh and Singh, 1955). Apart from the direct damage, frost injury even 
in adult trees is a deterrent to subsequent growth (Oppenheimer, 1947; Singh 
and Singh, 1955). Susceptibility of mango to frost varies also with the variety 
and the age and condition of the tree. Some varieties can withstand as much as 
22°F frosts without damage, while others are severely injured by 27° or 28°F. 
The total amount of heat during the growing season is also very important and 
may be the limiting factor at high elevations. Oppenheimer (1947) suggested 
that about 1000 heat units were the minimum requirement for mangoes of high 
quality. 

High temperature is not as injurious as low temperature but if accompanied 
by low humidity and high winds, it affects the trees adversely. In such condi-
tions, due to high transpiration, there are quick fluctuations between day and 
night temperatures and the normal balance of the tree is upset. The optimum 
growth temperature for mango has been reported to be 75° to 80°F (Woodrow, 
1910). Temperature affects directly the time of flowering in mango and the 
ripening period of particular varieties depends to some extent on flowering 
time. Since the flowering time of mango differs from country to country, and 
even from one locality to another in the same country, its ripening time also 
differs accordingly. 

B: Rainfall, Clouds, and Dew 

In India, mango grows in places where annual rainfall is only 10 inches, but it 
also grows in regions with a maximum rainfall of 100 inches (Singh, 1960). In 
areas of heavy rainfall the rate of vegetative growth is high but occurs at the 
expense of fruiting, and crop yield is low (Harris, 1901). In Rio de Janeiro and 
moist localities such as Castleton (Jamaica), mango does not set fruits, whereas 
in comparatively drier localities it yields a commercial crop (Popenoe, 1920). 
Similarly, in the humid tracts of Bengal, Assam, Kerala, and in southern-eastern 
Madras state, it grows well, but does not fruit equally well. In the Philippines 
also, commercial mango cultivation is not possible in areas of heavy rainfall. 
Rain at the time of flowering washes away the pollen. The mango flower is very 
delicate and easily injured in moist weather. During rainy days pollinating insects 
remain inactive and effective pollination cannot occur. After continued moist 
weather, heavy attacks of mango hoppers and certain fungi cause heavy shedding 
of flowers and fruits, and often result in crop failure. Clouds affect the crop by 
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intercepting the radiation of heat from the soil and thus to a certain extent cause 
drop of flowers and fruitlets (Woodrow, 1910). 

C. Altitude and Wind Velocity 

For each 400 ft of altitude and each degree of latitude south or north of the 
tropics, flowering is delayed by four days (Hopkins, 1938). High velocity winds 
cause rapid evaporation of water from the soil and reduce the moisture which is 
necessary for optimum plant growth. Storms not only tear off limbs and 
branches but sometimes even uproot fairly large trees. 

D. Water Relations 

Climatic conditions may influence the time of the year when permanent 
wilting percentage of soil is reached. It was reached several weeks later in a cool 
season with occasional showers, than in a warm clear one (Veihmeyer and 
Hendrickson, 1950). There may be places where because of humidity, tempera-
ture, and rainfall conditions, loss of moisture through transpiration and evapora-
tion may be so small throughout the year that the soil never reaches the 
permanent wilting percentage or does so for only a few days. This explains why 
the mango does not need irrigation in many parts of India. 

Withholding water for two to three months preceding flowering induces 
vigorous flowering (Singh, 1960). Excess soil moisture after October may even 
retard formation of blossoms (Gandhi, 1955) or may cause them to be mal-
formed (Watts, 1891). The former may be due to stimulation of vegetative 
growth during October-November, which interferes with flowering in February 
(Hayes, 1953). Fruit drop as well as size and quality of fruits of mango are 
believed to be influenced by irrigation at the appropriate time. During fruit 
development there is a need for irrigation of very poor soils in order to reduce 
fruit drop and hasten development. Further irrigation from the time the young 
fruit is set to the time the fruit begins to ripen greatly improves its size and 
quality. In addition, fruit drop is reduced, and large juicy fruits are favored by 
regular irrigation during April and May (Singh, 1960). 

IV. HORMONAL CONTROL OF GROWTH 

Inhibition of lateral bud growth in mango is due to an endogenous growth 
inhibitor and not to auxins. Decapitation resulted in the reduction of inhibition 
level and outgrowth of lateral buds. Growth substances, both promoters and 
inhibitors, are translocated from fruits to shoots, especially in the early stages 
(Singh and Singh, 1972). 



484 L. B. Singh 

A naturally occurring growth substance in shoots of mango exhibited biologi-
cal properties similar to those of auxins (Elias et al, 1972). It exhibited the 
same RF value as IAA but chromogenic tests did not confirm its identity with 
IAA. An inhibitor extracted from mango shoots had many characteristics of 
abscisic acid and was present in large quantities in developing mango fruits. 

Reece et al. (1946) concluded that flower-inducing hormones are transmitted 
from leaves to axillary buds of Haden mango. Singh and Singh (1956) hypothe-
sized that hormonal substances were responsible for changing a leaf bud into a 
fruit bud. Reece et al (1949) and Singh (1958) observed that the flower-
inducing hormones can move proximally and distally at the same time and that 
leaves of young branches produce a substance which has an inhibitory effect on 
the flowering hormone. Sen (1962) and Holdsworth (1963) reported similar 
observations. Sen and Chaudhary (1969) studied changes in hormone levels in 
shoots of the biennial bearing variety Langra and perpetual bearing variety 
Baramasi of mango. They did not find differences in the trend of promotive and 
inhibitory substances by the wheat coleoptile straight growth test. However, 
there was greater inhibition in Langra than in Baramas, in December. An 
inhibitor was found in mango shoots by Chacko (1968), but its role in initiation 
of flowering and flower bud formation has yet to be assessed. 
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Adaptive enzyme, 219 
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Adventitious buds, 481, see also Buds 
Adventitious roots, 121, 122, 238, 352, 

395, see also Root growth, Cuttings 
Aeration, 102, 289, 304, 317, 318, 423 

432,451 
Aerenchyma, 217, 396 
AFS (Apparent free space), 37 
Air layering, 465, 466 
Albedo, 221 
Alcohol, 462 
Alfalfa, 131 
Alfisols, 33-36,169 
Alkalinity, 147, see also pH 
Allophane, 3 3 , 4 4 , 4 6 , 5 1 
Alluvial soils, 317, 322, 393, 394 
Alternate bearing, see Biennial bearing 
Alternate hosts, 454 
Aluminosilicate, 33 
Aluminum, 29-31 , 34, 37^0,42-^15, 161, 

170, 171, 175,177-179, 183, 291, 394, 
434 

Aluminum oxide, 31, 46,116 
Aluminum phosphates, 42-44 
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Ammonium nitrate, 136 
Ammonium sulfate, 176 
Anchor roots, 480 
Androecium, 446 
Anion exchange capacity, 171 
Anions, 37, see also individual anions 
Annuals, 199 
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Anther, 472 
Anthesis, 63, 69, 269, 270, 304, 353, 

366-368, 372, 418, 421,426, 428, 471, 
472, see also Flowering 

Anthocyanins, 119, 218,432 
Anthropogenic epipedon, 32, 39 
Ants, 32 
Apatite, 43 
Aphids, 454,455 
Apical dominance, 341 
Apical meristem, 352 
Apomixis, 159 
Apparent free space, see AFS 
Apple, 294, 296 
Arboricides, 287 
Argillic horizon, 31, 34 
Arginine, 89,102-104 
Aroids, 187,192, 197, 200, 201, 208, 214, 

216 ,217 ,221 ,222 , 227-229 
Asexual propagation, 147, see also Cuttings 
Ash, 175,182, 393,400 
Aspartic acid, 125 
Asphyxiation, 391 
Assimilate, 207 
Assimilation, see Photosynthesis 
Atmospheric pressure, 326 
ATP (Adenosine triphosphate), 328 
Auxanometer, 3 
Auxin, 141, 219, 322-324,483, see also 

individual auxins 
Avocado, 296 
Avogadro's number, 9 
Axillary buds, 262, 301, 341,481, 484, see 
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Bacteria, 66 ,453,455 
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classification, 414 
climate, 448-451 
distribution, 444-448 
management practices, 456, 457 
pests and diseases, 453-456 
rust, 454 
sou, 451-453 
wilt, 454 

Banjhi bud, 341 

Barbados nut eddoe, 200 
Bark, 463 
Barley, 14 
Basalt, 33, 317-319 
Base exchange, 31 , 287, see also CEC 
Base saturation, 31, 33, 39, 121 
Base temperature, 65 
Bases, 32, 37, 39 ,40 ,433 
Bearss lime, 436 
Beers law, 294 
Beetle borer, 453 
Beetles, 173 
Belt erra clay, 39 
Bermuda grass, 130 
Biennial bearing, 273,469,484 
Biotic factors, 376-379 
Black leaf streak, 455 
Black-pod disease, 282, 289 
Black spot, 455 
Blackhead toppling disease, 454 
Blast, 67 
BOH (/3-hydroxyethylhydrazine), 145 
Boron, 36 ,181 ,371 ,434 
Boundary layer, 12 
Bract, 463 
Branching, 469-471, 475 
Breathing roots, 395 
Breeding, 34, 82, 90 ,114 ,161 ,183 ,199 , 

201, 226, 244, 249, 258, 316, 328, 356, 
446 ,450 ,454 ,475 ,476 

Bronzeleaf wilt, 405 
Bud break, see Bud opening, Shoot growth 
Bud grafting, 327 
Bud growth, 472 
Bud opening, 302-304, 309, 341, 396, 463, 

469 ,472,474 
Bud rot, 406 
Budding, 323,466 
Buds, 132, 262, 269, 270, 318, 394, 396, 

463, see also Adventitious buds, 
Axillary buds, Bud opening, Flower 
buds, Terminal buds 

Buffers, 39,44 
Bulk density, 370 
Bulrush millet, 14 
Bunch number, 372 
Bunch yield, 356, 362, 367, 368, 371, 373, 

379, see also Yield 
Bunchy top, 454, 455 
Bundle sheath, 125 
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Burning, 3 6 , 4 1 , see also Fire 
Button nuts, 404, 405 

C 

C 3 plants, 5, 6, 10-14,125-127, 137, 138, 
162-165, 168, 272, see also Photo-
synthesis 

C 4 plants, 5, 6, 10-13, 90, 125-127, 137, 
138,162-165,175,220 

Caatinga, 160 
Cacao, 7 ,19 , 22,46, 279-310, 318, 340, 

364 ,365,397,404 
climate, 280-289 
factors affecting growth, 299-310 
origin and distribution, 280 
physiological determinants of yield, 

291-299 
reproductive growth, 306-310 
sous, 289-291 
vegetative growth, 299-305 

Cacao butter, 282 
Cactus, 128 
Caju, 462 
Calcium, 34, 36-38, 40, 42-44, 48, 

170-172, 177-180, 291, 373, 404, 433, 
434 

Calcium carbonate, 147, 178 
Calcium chloride, 374, 375 
Calcium phosphate, 44 
Calvin cycle, 125, see also Photosynthesis 
Calyx, 405 
CAM (Crassulacean acid metabolism), 

122-129, 138 
Cambial growth, 242, 243, 267, 298, 300, 

321, see also Cambium 
Cambium, 238-240, 325, 396 
Canopy ,12 ,14 ,134 ,164 ,221 ,223 ,256 , 

285, 291, 293, 294, 296, 327, 335, 337, 
339, 340, 358,412, 418, 449, 463, 476, 
480 

Cape St. Paul wilt, 405 
Carbohydrate reserves, 272, 395, 428, see 

also Carbohydrates 
Carbohydrates, 71 , 73, 77, 80, 139, 142, 

203, 204, 219, 221, 228, 244 ,262 ,271 , 
272, 297, 307, 342, 395, see also 
Photosynthesis, Reserve carbohydrates, 
Starch, Sugar, Sugar cane, and specific 
carbohydrates 

Carbon, 50-53 
Carbon assimilation, see Photosynthesis 
Carbon dioxide, see C 0 2 

Carboxylation, 5, 12,125, 127, see also 
Decarboxylation 

Carotenoids,430,431 
Cashew, 461-476 

botanical characteristics, 463, 464 
growth, 464—174 

reproductive, 468-474 
vegetative, 464-468 

improvement, 474-476 
Cashew apple, 462 

Cassava, 48, 192-203, 205-208, 217-220, 
224 ,225 ,227 ,229 ,230 ,232 

Catalase, 399 
Cataphy 11, 210,218 
Caterpillars, 454 
Cation exchange capacity, see CEC 
Cations, 37, 170, 370, 373, see also 

individual cations 
CEC, 29, 31-33, 37-39, 50, 171, 370 
Cell division 2, 5, 23, 207, 219, 297 
Cell expansion, 5, 23, 207, 219, 297 
Cell walls, 37 
Cellulase, 395 
Cereals, 10, 189 ,193,227,229 
Cerrado, 31 ,46 ,47 , 160 
CGR (Crop growth rate), 135, 220, 354 
Chemical analysis, 393, 394,457 
Chemical composition, 373 
Chemical properties, 394 
Chemicals, 102-104, 108-110 
Cherelle, 19 
Cherelle wilt, 22, 296-299, 397, 404 
Chilling, 430, 449 
Chlorine, 371-373 
2-chloroethylphosphonic acid, see Ethephon 
Chlorophyll, 98, 117, 119,322,430 
Chloroplasts, 11 
Chlorosis, 102, 301, 372, 374, 404,456 
Choke, 448, 449, 451,454 
Chromosomes, 159 
Cigar-end rot, 455 
Circadian rhythm, 125 
Citric acid, 123 
Citrus, 24, 296, 304, 308,409-439 

climate, 413-419 
growth, 419-433 
irrigation, 434, 435 
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Citrus, continued 
mineral relations, 433, 434 
origin and habitat, 412, 413 
soil, 432,433 

Civil twilight, 60, 360 
Classification of tropical climates, 190 
Clay, 30, 31, 34-36, 44, 51 , 170, 242, 247, 

289,318, 359 ,370 ,394 ,396 ,405 ,463 
Clay minerals, 33, 38, 46 
Cleopatra mandarin, 421 
Climate, 1-25, 280-289, 413-419 
Climatograms, 251 
Climax, 47, see also Disclimax 
Clones, 245, 308, 317, 321, 328, 337, 338, 

346 ,446,448,466,475 
Clouds, 90, 228, 359, 418, 419, 426, 482 
C 0 2 , 10-12, 90, 100, 101,122, 125, 127, 

162 ,223 ,254 ,255 ,272 ,337 , 340, 369 
C 0 2 compensation point, see Compensation 

point 
Coagulum, 327 
Coconut palm, 383-406 

climate, 386-392 
diseases, 403—406 
growth, 395, 397 

reproductive, 396, 397 
vegetative, 395, 396 

mineral relations, 399-403 
seed germination, 395 
soils, 393, 394 
yield, 397-399 

Coffee, 319, 249-273, 316, 319, 364, 365, 
413,432 

climate, 250-252 
photosynthesis and productivity, 252-258 
reproductive growth, 269-273 
vegetative growth, 258-268 

Coir, 397, 400 
Coleoptile, 484 
Colloids, 33,391 
Compaction, 34, 36, 217, 242, 317, 370, 

396 
Compensation point, 126, 133, 138, 245, 

255,258 
Competition, 2, 38, 131, 132, 146, 165, 

219, 227, 229, 265, 296, 298, 303, 307, 
309, 310, 341, 376, 377, 457, 469 

Concretions, 317 
Copper, 181, 371, 372, 433,455 
Copra, 388, 389, 397,402, 403, 405 

Coprophagous beetles, 173 
Cordana leaf spot, 455 
Corm, 200, 227,229,453 
Cormel, 200 
Corn, 36, 113, 220, see also Maize 
Corolla, 270 
Cortex, 37 ,44 ,175 
Cosmic radiation, 358 
Cotton, 13 
Cotyledons, 306 
Cover crops, 355, 357 
Cowpea, 360 
Crassulacean acid metabolism, see CAM 
Creepers, 481 
Criollo, 280 
Crop growth rate, see CGR 
Crown budding, 323 
Crowns, 132, 140, 145, 391 
Cucumber mosaic, 456 
Culm, 64, 65, 80, 82 
Cultivar, 58, 114,142, 144, 145, 147, 159, 

165 ,166 ,168 ,181 ,184 ,200-202 , 218, 
225-232, 246, 256, 270, 280, 282, 293, 
296, 340, 344, 346, 353, 442, 444, 446, 
448 ,450 ,451 ,453 

Cultivation, 197 
Cuticle, 24, 129 
Cuticular resistance, 129-131 
Cuttings, 199, 210,465 
Cyclones, 390, 450 
Cyme, 463 
Cytokinins, 219, 270, 305 
Cytoplasm, 126 

D 

2,4-D (2,4-Dichlorophenoxyacetic acid), 
142,272 

D-leaves, 117, 128, 131, 133,137, 143 
Dasheen, 200 
Day-degrees, 1, 6-8 
Daylength, 9, 23, 24, 58-61 , 65, 127, 

140-142, 165-167, 189, 191, 192, 197, 
198, 201, 209, 210, 212-214, 218,219, 
225, 226, 228, 242, 251, 252, 255, 
262-266, 269, 273, 343, 360, 361, 421, 
423,427, 449,461,474 

D-D (Dichloropropane:dichloropropene), 
147 

Debility growth, 272 
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Decarboxylation, 125-127, see also 
Carboxylation 

Decomposition, 53 
Defoliation, 285, 303, 305 
Degree-days, 64, 65 
Degreening, 431 
Dehiscence, 473 

Dehydration, 254, 282, 366, 405, 451 
Dendrometer, 300 
Desert, 48 
Desert plants, 123 
Dew, 122,482 
Diallel cross, 245 
2,4-Dichlorophenoxyacetic acid, see 2,4-D 
Dichloropropaneidichloropropene, see D-D 
Dieback, 262, 272, 287 
Differentiation, 2, 6, 18, 19, 140-142, 324 
Diffusion, 37, 119, see also Diffusion 

resistance 
Diffusion resistance, 4 , 1 1 , 12, 118, 123, 

124, 129, 130, 253, 258, see also 
Stomatal resistance 

Disclimax, 160, 181, see also Climax 
Dioscorea, 192, 200 
Disease resistance, 226 
Disease, 79, 143, 147, 148,166, 188, 262, 

316, 328, 356, 403-406,420, 423, 428, 
435-437, 446, 453-456, 475, 476, see 
also specific crops and diseases 

Dormancy, 166, 341, 412, 424, 425, 427, 
435,466 

buds, 262, 269, 270, 300, 303-305, 324, 
325,472 

flower buds, 273 
fruits, 270 

Drainage, 33, 83, 116,147, 225, 242, 289, 
316-318, 323, 358, 370, 391, 393, 394, 
405, 413,420, 422-434, 451, 455, 456, 
463 

Drought, 1 5 , 6 1 , 7 3 , 9 5 , 119,128, 159, 
160, 162, 168, 169, 189, 197, 208, 209, 
217, 238, 246, 250, 251, 254, 256, 262, 
265, 272, 273, 283, 288, 289,301,304, 
305 ,309 ,334 ,335 , 338, 346, 359, 364, 
366,367,386,388-390, 396,405, 412, 
425, 426, 446 ,451 , 452, 456, see also 
Water deficits 

Drought avoidance, 262, 319 
Drought resistance, 95, 246, 446, 463, see 

also Drought tolerance 

Drought tolerance, 229, 238 
Drupe, 354 
Dry weight increment, 12-14, 71, 77, 131, 

132, 134, 136-138, 146, 163, 167, 174, 
180, 207, 211, 214, 220, 221,223,224, 
238-243, 252-258, 327, 328, 353, 359, 
374, 375, see also specific crops 

Drying off, 107 
Duncan grapefruit, 436 
Dung beetle, 173 
Dwarf, 446 
Dwarfing, 481 
Dystric Nitosols, 30 
Dystropepts, 31 

Ε 

Earthworms, 53 
Ecosystems, 40 ,158 , 171, 181, 197, 226 
Eco type, 165, 168, 316 
Ecozones, 188, 192 
Eddoe, 200 
Electrical conductivity, 374 
Embryo, 395 
Endocarp, 270, 354 
Endogenous rhythm, 305, 324 
Endosperm, 270 
Energy, 10, 11,139, 242,413,422 
Engorgement floral, 451 
Engorgement foliare, 451 
Entisols, 169 
Enzymes, 5, 127, 219, 327, see also specific 

enzymes 
Epidermis, 119 
Epiphyte, 287, 355,423 
Erosion, 30, 35, 36 ,43 , 44 ,47 , 50, 184, 

357,462 
Ethephon (2-chloroethylphosphonic acid), 

141,142 
Ethrel, see Ethephon 
Ethylene, 141, 142, 219, 430, 431 
Eutric nitosols, 31 
Eutrophic soils, 42 
Eutrophy, 46 
Evaporation^, 14-17, 18, 20, 74, 115, 

125 ,128 ,168 ,335 ,337 ,345 ,346 ,483 , 
see also Evapotranspiration 

Evaporative demand, 119 
Evapotranspiration, 114, 129, 168, 192, 

200, 214-216, 282, 284, 285, 303, 319, 
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Evapotranspiration, continued 
320, 335, 365, 367, 368, 391, 392, 422, 
423,434, see also Transpiration 

Evapotranspiration loss, 74 
Exchange acidity, 39-41 
Exchange capacity, 30, see also CEC 
Exchangeable bases, 40-42 , 50, see also 

Bases 
Exudation, 406 

F 

Famine, 199 
Fatty acids, 282, 354 
Feeder roots, 317, 357 
Ferralitic soils, 30 
Ferralsols, 30 
Fertility, 30, 32, 45-47, 161, 183,184, 

238, 286, 288, 290, 292, 296, 318, 319, 
366, 370, 377, 393,404, 412, 420, 
432-434,451,457 

Fertilization, 77, 282 
Fertilizers, 37 ,44 ,46 , 50, 53, 61 , 83, 

96-98, 122,139, 143,171,173,176, 
180,183,184,188, 209 ,210 ,218 ,225 , 
261, 262, 265, 287, 288, 291, 296, 297, 
318, 355, 356, 370, 372, 373, 388, 393, 
400 ,401 , 405, 432-434,453,457 

Field capacity, 35, 302, 336, 338 
Filament, 472 
Fire, 47, 48, 50, 53, 160, 172,175, 

181-183 
Fixation, see Nitrogen fixation, Phosphorus 

fixation 
Flag leaf, 64 
Flavonoids, 432 
Flavor, 344 
Floating rice, 66, 67 
Flooding, 58, 66, 74, 101, 116, 159, 201, 

209, 217, 228, 243, 304, 316,317, 323, 
391,394, 396,404,412, 451 

Floral differentiation, 132, 143 
Floral induction, 140-142 
Floral initiation, 59, 64, 269, 273, 310, 

324 ,353 ,425 ,427 ,435 ,474 
Florets, 23, 227 
Flower buds, 324 
Flower initiation, 251, see also Floral 

initiation. 

Flowering, 61 , 64, 65, 74, 76, 77, 80, 
139-142, 165, 166, 201, 202, 227, 257, 
262, 266, 267, 269, 270, 272, 282, 297, 
299, 306-310, 324, 325, 396, 398, 412, 
424-427, 462, 464, 468, 470, 472-474, 
476,482 

Flowers, 282 ,464 ,466 ,471 
Flushing, see Shoot growth 
Fog, 413, 418, 423 
Foliage angle, 134 
Forage, 158, 164, 168, 169,171, 177, 181, 

183,184 
Forastero, 280 
Forcing agents, 140,141 
Forest soils, 34 
Free energy, 18 
Friction, 391 
Frond drop, 405 
Frost, 90,114 
Frost injury, 282, 424,448 
Frost resistance, 319, 334, 412, 413, 424, 

463,482 
Fruit drop, 272 
Fruit growth, 23,140, 266, 270-272, 282, 

296-299,428-432 
Fruit quality, 143-147, 429-432, 434,435 
Fruit set, 266, 273, 282, 283, 297, 298, 

366, 426^128,464, 472,473, 476, 481, 
482 

Fruit yield, 143-147 
Fruiting, 262, 270-272 
Fruits, 262, 397, 466 
Fungi, 423, 435, 453-455, 482, see also 

Disease 

G 

Galls, 454 
Gas exchange, 395 
Gases, 357 
Gene pool, 159 
Genes, 161 
Genome, 444,446 
Genotype, 175, 244, 247, 377, 475 
Genotype-environment interaction, 246, 

247 
Germ plasm, 161,184, 247, 475 
Germination, 4, 7, 21 ,63 , 66, 67, 79, 92, 

99, 101-104, 210, 214, 216, 218, 354, 
359 ,361 ,384 ,395 ,464 ,465 
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Gibberellins, 98 ,99 , 219, 269, 270, 322 
Gibbsite, 31,46 
Girdling, 303, 306,307 
Grafting, 224, 230, 244, 246, 327,465, 

467,481 
Grain filling, 65, 69, 71 , 75, 76, 78 
Grain yield, 67-79, see also Yield 
Granite, 31 
Grapefruit, 411 ,420 ,425 ,426 ,430 , 431, 

436,437 
Grapes, 441 
Grasses, 5 , 9 , 1 0 , 1 4 , 157-184, see also 

Grasslands 
Grasshoppers, 454 
Grasslands, 51-53,157-184 

environmental factors, 162-169 
fire, 181-183 
soil environment, 169-181 
species composition, 158-162 

Gravel, 32 
Grazing, 166,173,175,183 
Groundnuts, 11,14 
Growing point, 388, see also Apical 

meristem 
Growth, 2,9, see also Cambial growth, 

Flowering, Fruit growth, Leaf growth, 
Root growth, Shoot growth, individual 
crops 

flower buds, 270 
leaves, 135, 352, 353,449 
roots, 135, 336, 352, 391, 395, 405 
seedlings, 66 
shoots, see Shoot growth 
tubers, 211-213, 228 

Growth analysis, 256, 294, 295 
Growth curves, 80, 81 , 132, 270, 429 
Growth cycle, 199, 207-210, 221, 228, 

229,264,341 
Growth period, 199, see also Growth cycle 
Growth regulators, see Hormones 

H 

Hailoysite, 33 
Hamlin orange, 428 
Hammock, 412 
Hapas, 146 
Haplic aczozthox, 39 
Hardpan, 318, 370, 393, 394, 404, 432 
Harmattan, 48, 285 

Harvest index, 83, 232, 244, 245 
Haustorium, 395 
Heading, 60 ,62 , 64, 70, 75, 76 
Heart leaf, 137 
Heart rot, 147,456 
Heat balance, 4, 14-16 
Heat flux, 413 
Heat sum, 64 
Heat transfer coefficient, 4 
Heat units, 114 
Hemileia rust, 316 
Heritability, 475 
Hermaphrodite, 202 
Heterosis, 475 
Heterozygosity, 464 
Hickory, 412 
Hormones, 98 ,99 ,140-142 , 210, 219, 269, 

273, 303, 322, 323, 341 ,428,483, see 
also Inhibitors, specific growth 
hormones 

Humbolt current, 418 
Humidity, 114, 261, 335, 346, 391,413, 

428, see also Relative humidity 
Humus, 53 
Hurricanes, 192, 199, 390, 450 
Hybrid vigor, 475 
Hybridization, 201, 202, 247, 316 
Hybrids, 159, 225, 293, 321, 334, 436,437, 

446,475 
Hydroperiodicity, 304, 305, 310,472 
Hydrous oxides, 171 
/3-hydroxyethylhydrazine, see BOH 
Hypodermis, 119 

I 

IAA (Indoleacetic acid), 142, 323, 483, 484 
IBP (International Biological Program), 76 
Ideotype, 82 ,188, 226-229, 476 
Igneous rocks, 39 
Illite, 170 
Illuviation, 30, 33-36 
Inarching, 466 
Inbreeding, see Breeding 
Inceptisols, 33,169, 370 
Indoleacetic acid, see IAA 
Infiltration, 171, 358 
Infiltration technique, 338 
Inflorescence, 116,140, 262, 321, 324, 

325 ,353 ,355 ,360-362 ,366 , 367, 369, 
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Inflorescence, continued 
371, 376, 388, 396, 397 ,448 ,451 , 
463-465,472,481 

Infrared gas analyzer, 3 
Inhibitor-promoter ratio, 305 
Inhibitors, 219, 300, 322, 484, see also 

ABA 
Injury, 100, 268, 285, 339, 390, 423, 430, 

449,482 
Insecticides, 45 3 
Insects, 79, 166,173, 453, 454, 472 
Insolation, 416, 417, see also Light 

intensity, Solar radiation 
Intercalary meristem, 98 
Interfruitlet corking (IFC), 148 
International Biological Program, see IBP 
Internode elongation, 98,448, see also 

Shoot growth 
Internodes, 80,117, 468,475, 481 
Introgression, 316 
Intrusions, 32 
Iron, 32, 34, 43, 44, 175, 181, 371, 394, 

402 
Iron oxide, 31-33, 46, 116 
Iron phosphate, 42, 44, 46 
Ironstone, 34, 317 
Irradiance, 12, 24, 340 
Irrigation, 16, 20, 73, 74, 78, 83, 100,108, 

122 ,128 ,195 ,208 ,214 ,215 , 225, 228, 
242,259,264-266, 269, 271, 282, 288, 
301, 304, 310, 334, 337,343,355,364, 
373,418-420, 422, 423, 425, 428, 434, 
435,446,450, 456,483 

Isochrones, 473 
Isoprene, 328 

J 

Juvenility, 218, 285, 304-307, 322, 323, 
464 

Κ 

Kaincope disease, 405 
Kaolin, 116 
Kaolinites, 31-34, 39-41 ,43 ,51 ,170 
Kernel, 354 
Kinetin, 322 
Koppen climatic types, 462 

L 

LAI (Leaf area index), 2, 73-75 ,133-135, 
139,164,207,210, 211, 213, 220-224, 
229 ,232 ,240 ,243 , 256, 291, 293, 294, 
306,327,353, 354, 369 

Lamina, 242 ,244,448,449 
Land reclamation, 34 
Latent heat, 16 

of evaporation, 15 
of vaporization, 16 

Latentes, 32, 34, 179, 393 
Latex, 320, 325-327, 449, see also Rubber 
Latex vessels, 321, 325, 326 
Latosols, 30, 32, 39-43, 47 ,179 ,434 
Layering, 465, 467 
Leaching, 41-44, 47, 48, 53, 161, 175,228, 

265,368,393 
Leaf analysis, 355, 365, 373,402 
Leafangle,14,293,294 
Leaf area, 3, 74, 132-134,164, 207, 218, 

224 ,228 ,232 ,243 ,260 ,261 ,301 ,305 , 
318,335, 340,353, 366, 369, 377-379, 
450, see also LAI 

Leaf area index, see LAI 
Leaf axil, 122,132, 353, 367, 396 
Leaf blight, 316, 322 
Leaf elongation, 63, 303, 304, 309, 343, see 

also Leaf growth, Shoot growth 
Leaf fall, 285, see also Abscission, Leaf 

senescence 
Leaf growth, 14,18, 19, 21 , 96 ,134 ,137 , 

146,164, 215, 240, 258-261, 293, 305, 
339, 352, 353, 358, 360, 362, 366, 367, 
371, see also Shoot growth 

Leaf initiation, 131, 258, 271, 352, 
360-362, 367 

Leaf resistance, see Diffusion resistance 
Leaf senescence, 207, 214, 218, 232, 303, 

321-324 
Leaf shape, 200 
Leaf sheath, 448, 451 
Leaf speckle, 455 
Leaf weight, 133 
Leafing rate, 64 
Leafspots, 455 
Leaves, 6, see also Leaf growth 
Legumes, 5, 37 ,158,161-168, 171,174, 

176-178, 180, 181, 183, 184, 189 
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Lemon, 411,412, 420, 430, 436, see also 
Citrus 

Lesions, 268 
Leucomethylene blue, 66 
Light, 1, 2, 162-167, see also Daylength, 

Light intensity, Light quality, Solar 
radiation 

Light compensation point, see Compensa-
tion point 

Light extinction coefficient, 294 
Light intensity, 8, 9, 60, 126,127, 130, 

137-139, 200, 209, 213, 214, 219, 228, 
242 ,252 ,254 ,255 , 262, 272, 285, 294, 
295, 320, 359, 360, 388, 448, 449, see 
also Shading, Solar radiation 

Light interception, 164,165, 221, 243, 293, 
340,344, 359 

Light penetration, 243 
Light quality, 9 
Light saturation, 138, 162,163, 223, 243, 

255,258,340 
Light transmission, 358 
Lightning, 406 
Lignification, 238-240, 242, 243 
Lime, 147,175,177, 178,180, 291 
Limes, 411,412, 430, 431,436, see also 

specific types 
Limestone, 393 
Liming, 36,46 
Lipase, 395 
Lipids, 327 
Litter, 48, 50, 53 
Livestock, 158 
Llanos, 38 ,160,178 
Locule, 270 
Locust, 453 
Lodging, 61 
Long shoots, 324, see also Shoot growth 
Long wave radiation, 16 
Lumen, 326 
Lutoid membrane, 327 
Lutoids, 327 
Lycopene, 431 

M 

Magnesium, 36-39 ,40 , 42 ,48 ,170-172 , 
177-179,291,371-373, 403, 433 

Magnesium chloride, 374, 375 
Magnolia, 412 
Maize, 3 ,4 , 11, 14, 119, 225, see also 

Corn 
Malacca apple, 285 
Malic acid, 123-127, 138,175 
Mandarin, 411,420, 430, 431, 436, see also 

Citrus 
Manganese, 161, 177, 178, 180, 181, 183, 

371 ,394 ,402 ,433 
Mango, 285, 296, 340, 468, 473, 479-484 

climate, 481-483 
growth, 480, 481 
hormonal growth control, 483, 484 

Mango hopper, 482 
Manurial trials, 287 
Marsh grapefruit, 436 
Mass flow, 36, 37 
Mealy bug, 147 
Meiosis, 62 
Membrane, 327 
Mesocarp, 354, 356 
Mesophyll, 19, 119,125,272 
Mesophyll resistance, 12,19 
Mesophytes, 128-131, 134,138,412 
Metabolism, 4, 218,413 
Methylene blue, 66 

Microclimate, 3 ,4 ,188 , 287, 306, 344 
Micronutrients, 50, 97 ,177, 180, 181, 371, 

402, 433, see also Minerals, Nutrients 
Mineral deficiency, see Minerals 
Minerals, 43 , 355, 368, 428, 457, see also 

Fertility, Fertilizers, Nutrient cycling, 
Nutrients, specific mineral elements 

absorption, 37,122 
content, 393 
cycling, 38, 44, 46-50, 75, 184 
nutrition, 141, 219, 240-242, 428, 433, 

444, see also Nutrients 
relations, 46-50, 399-403 
storage, 50 
supply, 36, 53, 97, 210, 238, 318, 357, 

371,375,388 
uptake, see Absorption 

Minor elements, see Micronutrients 
Modeling, 2 
Moisture content, 37, see also Soil water 
Moko disease, 452 
Mollisols, 171,177 
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Molybdenum, 36, 175,181, 371 
Monocotyledons, 116 
Monoculture, 147 

Monsoon, 15 ,189 ,192 ,195 , 262, 265, 334, 
419 ,435 ,446 ,472 

Montmorillonite, 170, 370 
Morphogenesis, 218 
Mulch, 116,135,171,271,355 
Muriate of potash, 372 
Mutation, 247,444,446 
Mycoplasm, 406 
Mycorrhizae, 318, 433 

Ν 

N/P ratio, 48 
NAA (Naphthaleneacetic acid), 141,142, 

145 
Naphthaleneacetic acid, see NAA 
NAR (Net assimilation rate), 11 ,134,135, 

220,223, 294-296, 340 
Navel orange, 418, 428,435, see also Citrus, 

Orange 
Necrosis, 405 
Neem, 473 
Nematodes, 122,147,148, 450, 453, 454 
Net assimilation, 2, see also NAR, 

Photosynthesis 
Net assimilation rate, see NAR 
Nitrate, 261, 262, 265,373 
Nitrate reductase, 219, 220, 227 
Nitrogen, 37,50, 61 , 81 , 91 , 92, 96, 102, 

106 ,136 ,139 ,142 ,168 ,16? , 173-176, 
182 ,184 ,209-211 ,216 ,218 ,219 ,224 , 
238-242,261,265, 364,365, 371-373, 
401, 403,433, 457, see also Nitrogen 
fixation 

Nitrogen fixation, 36, 37 ,50 ,174 ,184 , 
see also Nitrogen 

Nitrogenase, 175 
Nodes, 210, 238, 321 
Nut water analysis, 403 
Nutrient cycling, 33,172-175, 182 
Nutrient solution, 306, 372 
Nutrients, 29, 33, 75 ,118 ,164 ,166 ,169 , 

183, 214, 217,225, 303,341,344, see 
also Minerals, Nutrient cycling 

Ο 

Oak, 412 
Oil, 395,462 
Oü palm, 4 ,19 , 290, 351-379 

botanical characteristics, 352-354 
cultural practices, 355, 356 
factors affecting growth, 357-379 
propagation, 354, 355 
sous, 369-376 

Ombrophilous lowland forest, 370, 376 
Ontogeny, 218 
Orange, 411,412, 420, 425, 430, 431, see 

also Citrus 
Organelle, 11,117 
Organic acids, 122,123, 125, see also 

specific organic acids 
Organic carbon, 39-43, 51 
Organic cycle, 36 
Organic matter, 18, 29, 32, 34, 35, 38, 39, 

46 ,50 -53 ,171 ,173 ,175 ,176 , 182, 
291,375,376, 394,412 

Orthotropic shoot, 262 
Osmotic potential, 20, 21 , see also Osmotic 

pressure 
Osmotic pressure, 95, 99 
Overbearing dieback, 272, see also Dieback 
Oxalate, 45 
Oxic tropudalf, 39 
Oxidation, 66 
Oxisols, 29-36, 38 ,43 ,51 ,52 , 169,171, 

172 ,177 ,178 ,183 ,364 , 370, 434 
Oxygen,34 ,66 ,101,127,214, 217, 219, 

224 ,228,242,270, 318 

Ρ 

Palm oil, 353, 354, 356, see also Oil palm 
Panama disease, 446,454, 455 
Panicle, 61 , 63, 64, 69, 70, 79, 80, 82, 463, 

464 ,469 ,470 
PAR (Photosynthetically active radiation), 

9 ,11 ,359 ,360 
Parasites, 287,423,453 
Parent material, 30, 31 ,48 , 169, 393 
Partitioning of photosynthate, 291, see 

also Source-sink relations 
Pastures, see Grasslands 
Peat, 116, 372, 394 
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Peduncle, 462 
Pencil point, 404 
Pencil roots, 217 
PEP carboxykinase, 125,127 
PEP carboxylase, 125-127,138 
Peptides, 322 
Perched water table, 32, see also Water 

table 
Percolation, 74, 171, 368, 386, 393,423 
Pericarp, 270, 449 
Permeability, 35,171 
Peroxisomes, 224 
Persian limes, 436, see also Limes 
Pesticides, 356, 422 
Pests, 147, 148,188, 328, 356, 420, 422, 

423, 428, 437,453-456, 475, 476, see 
also Disease, Insects 

Petiole, 244, 353 
pH, 33, 39, 45 ,116 ,147 ,148 ,175 , 177, 

178 ,238 ,243 ,291 ,318 ,373 , 394, 402 
433, 453, see also Acidity 

Phenology, 2, see also specific crops 
Phloem, 268, 303, 325, 326 
Phloem pressure, 326 
Phosphates, 175, 393,401 
Phosphenolpyruvate (PEP) carboxylase, see 

PEP carboxylase 
Phosphoglyeerie acid, 125 
Phosphorous, 29, 33, 34, 36, 37 ,42 -46 ,48 , 

50 ,122 ,170 ,172 , 175-177, 238, 239, 
291 ,364 ,365 ,371 ,372 ,403 ,433 ,434 , 
453,457 

Phosphorous fixation, 4 4 , 4 6 , 5 0 , 171, 175 
Photoperiod, see Daylength 
Photorespiration, 11, 127, 162, 163, 224, 

258, 272, see also Respiration 
Photosynthesis, 2, 5, 6, 9 ,10, 11-14, 

18-20, 2 4 , 7 0 , 7 1 , 7 6 , 7 7 , 8 0 , 9 0 , 9 1 , 
100,122-128, 136-139,162, 172, 203, 
205-207, 210, 218, 220-225, 228, 
238-244 ,249 ,250 ,252-258 , 272, 289, 
291,294-296,320, 336 ,337 ,339 ,340 , 
359, 366, 369, 418, 449, 450, 473, 476 

Photosynthetic efficiency, 10-12, 327, 340 
Photosynthetically active radiation, see PAR 
Phyllotaxy, 117,133 
Phylogeny, 158 
Physical properties, 394 
Physiological drought, 304, 391 

Phytotron, 136,137 
Pigment, 449, see also specific pigments 
Pin-head stage, 270 
Pineapple, 3, 5 ,15 , 24,113-149 

anatomy, 116-122 
ecological aspects, 131-139 
factors affecting growth and fruit quality, 

143-147 
photosynthesis, 122-128 
physiology of flowering, 139-142 
water relations, 128-131 

Pink disease, 148 
Pinnae, 371 
Pistil, 473 
Plagiotropic shoot, 262 
Plant analysis, 373 
Plant density, 132, 133, 143, 369, see also 

Competition 
Plant type concept, 82 
Plantilla harvest, 448 
Planting depth, 102 
Plasmalemma, 37, 38 
Plinthite, 32-34 
Ploidy, 444 
Plucking, 340-342 
Plumule, 395 
Pneumatophores, 395 
Pod set, 297 
Pollen, 366, 397, 482 
Pollen mother cell, 62 
Pollen shedding, 353 

Pollination, 202, 273, 282, 283, 321, 353, 
354, 366, 386, 397 ,428 ,472 ,473 , see 
also Pollen 

Pore space, 335 
Porometer, 130, 337 
Porosity, 34 ,412,452 
Potash, 393,400-402,453 
Potassium, 36 -38 ,40 -42 ,48 ,170 ,172 , 

176,177, 218, 223, 224, 238-242, 291, 
371-373,403 

Potassium chloride, 291, 372 
Potassium-nitrogen ratio, 241 
Potato, 187-189,194-201, 203, 205, 206, 

208,210-215, 221, 222, 225, 226, 229, 
230, 232, 294,457, see also Root crops 

Precipitation, see Rain 
Predator, 453 
Primordia, 79, 80 
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Productivity, 48, 202-206, 252-258, see 
also Growth, Yield, and specific crops 

Propagation, 354, 355, see also Air layering, 
Cuttings, Layering, Vegetative 
propagation 

Protein, 218-220, 322, 327, 476 
Pruning, 256, 303, 336, 341, 346, 355, 375, 

469 
Pseudostem, 448^151,453 
Pulvinus, 451 
Pummelo,430,431,436 

Q 

Quanta, 9, 10 
Quartz, 31, 33, 116 
Quiescence, 269, see also Dormancy 

R 

Raceme, 463 
Rachis, 353 
Radiation, 15, 118, see also Solar radiation 
Rain, 14-17, 20, 36, 44, 47, 48, 67, 73, 74, 

94 ,108 ,114 ,116 ,122 , 124, 128, 129, 
143 ,147 ,159 ,161 ,168 ,169 , 174, 
189-191,196, 199, 209, 216, 217, 228, 
242, 247, 250-252, 256, 257, 
262-265, 269, 270, 280, 282-285, 
289, 300, 302-304, 319, 321, 322, 324, 
342, 344-346, 365-369, 375, 386-388, 
391-393, 399, 405, 416, 417, 419, 422, 
423, 425, 426, 434, 444,448, 450, 451, 
456, 463, 466, 470, 472, 4 8 1 ^ 8 3 

Rain forest, 34, 46, 48, 195, 280, see also 
Tropical rain forest 

Rain splash, 35 
Rainwash, 47-49 
Ratoon crop, 90, 122, 144-146 
Red and yellow sous, 30-33, 36, 38, 42, 44, 

46 ,50 
Red clover, 221 
Red ring disease, 406 
Redblush grapefruit, 431 
Reddish brown lateritic soils, 31 
Reflectance, 117, 118,413 
Relative growth rate, see RGR 

Relative humidity, 148, 200, 280, 281, 300, 
303, 308, 310, 363, 416-418, 422, 423, 
450, 451,472, see also Humidity 

Relative water content, 336, see also Water 
deficits 

Reserve carbohydrates, 11, see also 
Carbohydrates 

Residence time, 5 0 , 5 1 , 5 3 
Resin, 463 
Respiration, 5, 11 ,12 ,68 , 126, 168,221, 

224, 242, 258, 270, 318, 339, see also 
Photorespiration 

RGR (Relative growth rate), 2, 220, 293 
Rhizome, 227,455 
Rhodudalfs, 39 
Ribulose diphosphate, 127 
Ribulose diphosphate (RuDP) carboxylase, 

125 
Rice, 4, 5, 8 ,11 ,14 , 19, 36, 57-83 , 217, 

225,360, 365 
adaptation to environment, 58-67 
factors affecting growth, 67-82 
growth characteristics, 79-82 
productivity, 78, 79 
yield improvement, 82, 83 

Rind, 429-431, 436 
Ring-barking, see Girdling 
Ripening, 62-65, 67 -71 , 76-78, 80, 

107-110 ,142 ,251 ,270 ,428 ,435 ,449 , 
see also specific crops 

Root cap, 396 
Root chambers, 217 
Root crops, 187-232, see also specific 

root crops 
botanical characteristics, 197-206 
factors affecting growth, 206-225 
ideotypes, 228, 229 
micro climatology, 188-192 
origin and distribution, 197-206 

Root growth, 34, 38, 93, 94, 267, 268, 290, 
300, 317, 318, 336, 346, 352, 452, 466, 
480, see also specific crops 

Root hairs, 396 
Root initiation, 466 
Root room, 393 
Root rot, 147 
Root-shoot ratio, 35 
Root tip, 38, 129 
Rooting, 63 ,66 ,224 , 323 
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Rooting depth, 336 
Rootstock, 224, 246, 323, 420, 421, 436 
Roots, 14,17, 38, 44, 53, 93, 121, 122, 

200, 336, 352, 375, see also Adventi-
tious roots, Anchor roots, Breathing 
roots, Feeder roots, Pencil roots, 
Pneumatophores, Root growth, Sinker 
roots, Tap roots, and specific crops 

Rots, 455 
Rough lemon, 421, see also Citrus, Lemon 
Row crops, 225 
Rubber, 290, 315-328, see also Latex 

climate, 319, 320 
flowering, 324, 325 
latex flow, 325-327 
shoot growth, 321-324 
soil, 317,318 
yield, 327, 328 

Runoff, 35 ,74 ,358 ,422 ,434 

S 

Sabal palm, 412 
Safra crop, 282 
Salinity, 89, 95, 99 ,100 ,129 , 200, 

373-375,434,453 
Salt damage, 374 
Salt spray, 100, 390 
Salt tolerance, 373 
Sand,359,393 
Sandstone, 31 
Saturation deficit, 19, 346 
Savanna, 3, 15, 34, 46, 47, 52, 159, 160, 

162, 171,175, 180-182, 189, 195, 318 
Sawdust, 457 
Scab moth, 454 
Scale leaves, 324 
Scales, 321, 324, 454 
Scion, 224, 246 
Seed piece, 99 ,101 ,102 , 106 
Seed stocks, 162 
Seedbeds, 34 
Seeds, 166, 270, 282, 316, 354, 357, see 

also Germination 
Selection, 199, 247, 334, 475, 476 
Senescence, 12, 14, 24, 122,199, 207, 214, 

303, 404, 429, see also Leaf 
senescence 

Sensible heat, 15 

Sesame, 360 
Sesquioxide, 36 
Shade leaves, 295, 339 
Shade thinning, 287 
Shade tolerance, see Tolerance 
Shading, 70,119, 207, 221, 229, 240, 243, 

250 ,252 ,254 ,257 ,260 ,261 ,268 ,281 , 
285 ,295 ,297 ,305 , 335, 340, 344, 358, 
359, 388, 412, 413, 469,470, see also 
Light intensity, Solar radiation 

Shear strength, 290 
Sheaths, 80 
Shedding, see Abortion, Abscission 
Shelter breaks, 338 
Shield budding, 466 
Shifting cultivation, 50 
Shoot growth, 210-213, 217-219, 

257-267,269, 282, 298-305, 309, 
321-324, 340-343, 346,423, 424,427, 
448, 468, 469, 481, see also Internode 
elongation, Leaf growth, Suckers, and 
specific crops 

Shoot-root ratio, 267, 305, 318, 468 
Shooting, 448,451 
Short day plants, 141, see also Daylength 
Short shoots, 321, 324 
Shrinkage, 326, 327 
Sigatoka, 449, 451, 453,455 
Silica, 32, 36 
Silicates, 46 
Sink, see Source-sink relations 
Sinker roots, 463 
Slips, 132, 133, 140,144, 145 
Slugs, 454 
Snails, 454 
Sodium chloride, 99, 374, 375 
Sodium nitrate, 136, 261 
Soil, 29-53, 289-291, 369-376, 393, 432, 

433, 451—453, see also specific soils 
chemical characteristics, 36-46 
minerals, 46-50 
organic matter, 50-53 
physical characteristics, 33-36 
red and yellow, 30-33 

Soil analysis, 290, 356, 422 
Soil classification, 169-171 
Soil fertility, 316 
Soil fumigants, 147 
Soil maps, 370 
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Soil profile, 370 
Soil roots, 121 
Soil solution, 38 
Soil structure, 34, 50, 290, 318, 370, 456 
Soil taxonomy, 39 
Soil texture, 35, 45, 51 , 52, 74,116, 289, 

335 ,359 ,370 ,394 ,432 ,452 ,454 ,480 
Soil water, 364, 365, 392, 420, 422, 425, 

428 ,435 ,456 ,457 ,468 
Solar energy, 181, 238, 306 
Solar radiation, 68-78, 80, 90-92, 105, 

106 ,114 ,116 ,123 ,129 , 135, 137-139, 
141 ,146 ,162 ,164 ,166 ,221 ,223 , 238, 
242 ,243 ,247 ,259 ,280 ,281 ,285 ,295 , 
303 ,304 ,308 ,335 ,338 ,340 ,343 ,344 , 
357, 358, 368, 375, 388, 390, 413, 419, 
448, 472, see also Light 

Soluble solids, 430 
Solute potential, see Osmotic potential 
Sorghum, 11 ,14 ,20 
Sour orange, 421, see also Citrus, Orange 
Source-sink relations, 23, 24, 77, 78, 80, 

207 ,210 ,213 ,219 ,227 ,232 ,239 ,241 , 
243, 244, 262, 266-268, 271-273, 291, 
297,298, 306, 307, 340 

Soybean, 14,113 
Spacing, 81 , 207, 379, see also Competition, 

Plant density 
Spathe, 388 
Spear leaf, 360, 366 
Speciation, 159 
Specific gravity, 302, 465 
Spikelet, 59, 62, 67, 69, 70, 75, 76, 78, 80, 

82 
Spines, 353 
Sport, 436 
Spurs, 321 
Stamen, 473 
Starch, 125, 138, 224, 239, 241, 242, 270, 

272, see also Carbohydrates 
Stele, 238-240, 242, 243 
Stem swelling, 301 
Steppe, 195 
Sterility, 62, 307 
Stigma, 471-473 
Stomata, 4 ,12 ,117-119 , 129, 142,200, 

246,253,272, 336,449 
Stomatal aperture, 5, 15, 19, 119, 123, 124, 

129, 142, 200, 252, 254, 255, 337, 338, 

363, 365, 451, see also Diffusion 
resistance, Stomatal resistance 

Stomatal resistance, 118, 125, 126, 131, 
138, see also Diffusion resistance, 
Stomatal aperture 

Storms, 369 
Strangulation, 268 
Style, 472, 473 
Suberization, 317 
Subsoil, 35 
Succulents, 123 
Suckers, 132, 133,144, 146 
Suction force, 391 
Sugar, 20, 122, 123, 133, 270, 435, see also 

Carbohydrates, Sugarcane 
Sugarbeet, 131 
Sugarcane, 5, 11, 24, 36, 89-110, 114 

factors affecting growth, 90-101 
germination, 101-104 
ripening, 107-110 
tillering, 104, 105 

Sulfate, 373 
Sulphur, 36, 175, 177,182, 371, 372 
Sunburn, 449 
Sunlight, see Light intensity, Solar radiation 
Surfactants, 110 
Superphosphate, 175,176 
Swamps, 386 
Sweet orange, 421, see also Citrus, Orange 
Sweet potato, 5, 192-198, 200-203, 

205-208, 211, 213, 217, 219-225, 
227-232, 237-247 

drought resistance, 246 
factors affecting growth, 238-243 
genotype-environment interactions, 246, 

247 
photosynthetic efficiency, 244, 245 
source-sink relations, 243, 244 

Symbiosis, 175, 396 
Synergism, 246 

Τ 

2,4,5-Τ (2,4,5-Trichlorophenoxyacetic 
acid), 272 

Tamarind, 473 
Tannia, 192, 195, 196,198, 200 
Tapering stem, 404 
Tapioca, 231, 232 
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Tapping, 320, 326-328 
Tapping method, 325 
Taproot, 317 ,463 ,467 ,468 ,480 
Taro, 192,193,195-198, 200, 218 
Tea,24, 333-346 

botanical characteristics, 334 
flavor, 344 
photosynthesis, 339, 340 
shoot growth, 340-343 
stomata, 337, 338 
water relations, 334, 337 
yield, 344, 345 

Temperature, 1, 2 , 1 4 , 1 5 , 23, 2 4 , 5 1 , 58, 
59 ,61-70 , 74-78, 80, 92-95 ,114 ,119 , 
124-127 ,135-140 ,142 ,146 ,148 ,158 , 
159 ,162-164 ,166-168 ,189 ,190 ,196 , 
197, 199, 200, 209, 211, 213-215, 
219, 224-226, 228, 238-240, 242, 243, 
247 ,250-256,258-266,268-270, 272, 
280-282, 301, 302, 304, 309, 319, 320, 
335, 338, 343, 345, 346, 357, 361, 366, 
368, 386, 391,412-415, 423-430,432, 
444, 448, 449,465, 466 ,472 ,473 , 
481-483 

Temperature summation index, 64—66 
Temporao crop, 282 
Terminal buds, 301 
Termites, 32 
Terra Prêta dos Indios, 32, 39-41 
Terra Roxa Estruturada (Structured terra 

roxa), 31 , 33, 39-42 
Terra Roxa Légitima, 43 
Terrestial radiation, 357, 358 
Thermoperiod, 124,127,137, 142, 301, 

461 
Thermo periodicity, 301 
Thinning, 327, see also Competition 
Thousand grain weight, 69, 82 
Thrips, 288,454 
Tillering, 63, 104, 105 
Tillers, 23, 67, 74, 80, 83, 96 ,106, 108, 

109,166 
Tissue analysis, 434 
Tissue culture, 94, 354 
Titanium oxide, 31 
Tobacco, 11 
Tolerance, 175,178, 227, 285, 295, see also 

Shading 
Top-root ratio, see Shoot-root ratio 

Topography, 73, 74, 357, 358, 456 
Topsoil, 30, 34, 35 ,53 , 368,412 
Toxicity, 37 ,177 ,178 ,180 , 394,433, 

453 
Trace elements, see Micronutrients 
Tracheids, 391 
Tradewinds, 90 ,100 ,101 ,449 
Translocation, 100, 218 

carbohydrates, 73, 80 ,100 ,101 ,108 , 
207, 224,227, 229-232, 241,244,267, 
268 ,271 ,272 ,296 , 297, 338, 340, 395 

hormones, 303, 306, 324 
Transpiration, 2 - 8 , 1 6 , 1 9 , 20, 73,118, 

123,124,129,200, 216,288, 320, 
324-326,335-337, 355, 364, 365, 367, 
391 ,405 ,412 ,450 ,483 , see also 
Evapotranspiration 

Transpiration coefficient, 364, 365 
Transpiration ratio, 131 
Transplanting, 62, 64, 82, 83 ,285, 306, 

467 
Trichomes, 117-120 
Tristeza, 436 
Tropical rain forest, 189,413 
Tropudalfs, 31 
Tryptophan, 322 
Tuber bulking, 220, 224, 232 
Tuber growth, 211-213, see also, 

Tuberization 
Tuber initiation, 191, 192, 207, 209-211, 

214,217-219, 224,228 
Tuber sett, 210 
Tuberization, 197, 201, 212, 214, 217, 224, 

231, see also Tuber growth 
Tubers, 9 ,191 ,192 , 204, 210-213, 224 
Tuff, 393 
Tumors, 268 
Turbulence, 281 
Turgidity, see Turgor 
Turgor, 20 ,117 ,120 , 254, 338, 343, 450 
Turgor pressure, 20, 21 , 325, 326 
Typhoons, 67,199 

U 

Ultisols, 30, 34-36, 38,169, 171, 172, 177, 
183, 370 

Ungulates, 184 
Urea, 261,265 
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Valencia orange, 420, 428-432, 435, 436, 
see also Citrus, Orange 

Vapor pressure deficit, 303, 308, 325, 337, 
338 

Vascular bundle, 297 
Vascular system, 406 
Vegetative propagation, 159, 210, 216, 354, 

442, 465, 466,475, 480, see also Air 
layering, Cuttings, Layering 

Vigor, 420 
Vines, 164 
Virus, 436,453-456 
Volatility, 182 
Volcanic ash, 33,44 
Volcanic soils, 393 

W 

Water, 2,214 
Water balance, 368, see also Water deficits, 

Water relations 
Water content, 20, 456, see also Moisture 

content 
Water deficits, 15, 19, 23, 24, 34, 61 , 66, 

74 ,75 ,80 ,95 ,119 ,128 -131 ,142 , 146, 
161 ,162 ,164 ,166 ,168 ,169 , 174, 183, 
197,199, 200, 209, 216, 217, 219, 228, 
256 ,261 ,262 ,264 ,269 ,272 ,284 , 288, 
300-304, 308-310, 319 ,324,334,335, 
337 ,338 ,343 ,345 ,357 ,359 ,365-367 , 
379, 386, 391, 4 1 3 , 4 2 3 ^ 2 7 , 448, 451, 
463,466,470, 472, see also Drought, 
Drought resistance, Water supply 

Waterlogging, see Flooding 
Water potential, 15 ,18 ,19 , 20,129 
Water relations, 14-20, 319, 334-337, 

363-369, 391, 392, 483, see also Water 
balance, Water deficits, Water 
requirements, Water supply 

Water requirements, 73, 74, 95, 129,197, 
363,450 

Water storage tissue, 119-121 
Water stress, see Water deficits 
Water supply, 23, 29, 141, 146,195, 213, 

216, 217, 219 

Water table, 32, 74, 283, 365, 370, 391, 
413 ,432,433 

Water use efficiency, 163,169 
Wavelength, 358-360 
Weathering, 30-33, 36 ,42 ,43 , 46 ,147, 

169,171,175-177,183 
Weed control, 453 
Weeding, 355, 357, 379 
Weeds, 143 ,166,188,401 
Weevil borer, 453 
Wheat, 11,225 
Wilting, 147, 301, 391,405, 446,455 
Wilting disease, 356 
Wilting percentage, 302, 483 
Wilting point, 35, 364, 365, see also Wilting 

percentage 
Wind, 24 ,100 ,101 ,189 ,192 ,197 ,199 , 

229, 280, 284,285, 288 ,335,338,357, 
369, 388, 390, 391, 397, 413,422, 423, 
428 ,449 ,450 ,456 ,457 , 472, 483 

Windbreaks, 192, 284, 286, 289, 423, 450, 
457 

Wintering, 321,323, 324 
Wounding, 327 

Xerophyte, 119, 123,129, 364, 412 
Xylem sap, 269 
Xylem tension, 325, 326 

Yam, 192-203, 205-208, 210, 213, 
216-219, 221, 222, 226 ,227,229,230 

Yellow soils, see Red and yellow soils 
Yield, 2, 67-82, 90-101 ,171 ,178 , 281, 

296-299, 318, 320, 327, 328, 340, 341, 
344-346, 355,360, 388, 393, 397-399, 
413,422, 475, 482, see also specific 
crops 

Zinc, 3 6 , 9 7 , 1 8 1 , 371,433 
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ν 

χ 

Y 

A 7 
Β 8 
C 9 
D 0 
Ε 1 
F 2 
G 3 
H 4 
I 5 
J 6 

Ζ 


