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Bulk Densities of Brazilian Amazon Soils Related to Other Soil Properties
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ABSTRACT

The results of this study provide the first baseline for predicting
D, from soil properties for soils across the Amazon basin. Bulk density
values are needed to convert nutrient content and organic carbon
(OC) content to weight of nutrient and OC per unit area; unfortu-
nately, common field methods to measure D, are limited with regard
to reliable, complete, and uniform soil data. Much effort has been
made in finding alternative solutions to predict I, from soil properties.
We hypothesized that D, could be reliably estimated by multiple
regression of OC, soil textural properties, and some chemical proper-
ties. Using the data of 323 soil horizons from the Brazilian Amazon
basin, a stepwise multiple regression (SMR) procedure was developed
to predict D, from other soil properties. Multiple regression relation-
ships were obtained for all the data, which were also partitioned by
layer and then by main seil order: Latossolos (Oxisols, 62 horizons)
and Podzélicos (Alfisols and Ultisols, 212 horizons). The SMR on all
the data showed that clay content is the best predictor of D, account-
ing for 37% of the variation. Adding OC content increased the ex-
plained variance up to nearly 50%. Predictions of the models were
improved when the data were partitioned by order and by horizon
type. In the case of Latossolos (Oxisols), the use of OC and clay
content as predictors increased the percentage of explained variation,
reaching 71% using all layers and 79% for A horizons. The results
of this study will provide a basis for estimating OC stocks in the
Amazon basin.

ESTIMATING CONCENTRATIONS and fluxes of elements
in soils requires the knowledge of soil D,. Measure-
ments of these parameters are commonly labor intensive
and time consuming, particularly when surveying large
areas of forest soils. Therefore, much effort has gone
into evaluating predictive procedures from soil physical
and chemical data.

Increasing attention to global warming, greenhouse
effects, and environmental conditions in general has
focused on the stocks of C in soil and their fluxes. The
organic matter contained in the earth’s soils is a large
reservoir of C that can act as a sink or source of atmo-
spheric CO, (Lugo and Brown, 1993). The world’s min-
eral soils represent a large reservoir of C of about 1500
Pg C (Post et al.,, 1982; Eswaran et al., 1993; Batjes,
1996). The need for accurate estimates of this pool are
the main concern, but their reliability depends on suit-
able data in terms of OC content and soil D,. Com-
monly, D, measurements are lacking, especially in tropi-
cal soils. Refining current estimates of the soil organic
C pool requires better estimates of soil D,.

Global or large-scale stock estimates (Sombroek et
al., 1993; Moraes et al., 1995; Batjes, 1996) used OC
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content and mean or median values of D, to calculate
the total soil OC stocks for each map unit. Predictive
equations (simple or multiple regressions) are generally
developed within one specific soil unit (Huntington et
al., 1989; Arrouays and Pélissier, 1994) and/or for a
specific ecosystem (Grigal et al., 1989; Honeysett and
Ratkowsky, 1989; Howard et al., 1995; Dupouey et
al., 1997).

Numerous studies (Curtis and Post, 1964; Saini, 1966;
Adams, 1973; Alexander, 1980; Federer, 1983; Grigal et
al., 1989; Honeysett and Ratkowsky, 1989; Huntington
et al., 1989; Federer et al., 1993; Arrouays and Pélissier,
1994) have shown the effect of OC on D, in various
soils. These researchers used measurements of OC con-
tent (or its square root or logarithmic term) to predict
Dy, Stewart et al. (1970) and Vincent and Chadwick
(1994) demonstrated that whole-soil D, can be reliably
predicted with rock fragments for gravelly soils. Using
soil horizons covering a wide range of soil textural
classes, Rawls (1983) showed that, together with the
amount of OC, the particle-size distribution could be
used for predicting the D, of natural undisturbed soils.
This researcher also noted that the residual errors (mea-
sured minus predicted D,) varied systematically with
depth or horizon. Jones (1983) found that increasing
soil clay or silt + clay percentage decreases soil D,
determined at —33 kPa water pressure in soil layers
described as fragipans.

Most of these studies were done in temperate areas
and also concerned specific soils or ecosystems. As a
result of their specificity, their predictive equations are
probably unable to be used at larger scales.

Tropical soils represent at least 32% of the total mass
of organic C stored in the soils of the world (Eswaran et
al,, 1993). Among tropical ecosystems, the Amazonian
forest is known to play a major role in C sequestration
and release (Cerri et al., 1994). However, global esti-
mates of C storage in this ecosystem are few (Moraes
et al., 1995) and accurate estimates of D, are lacking.

Concerning Brazilian tropical soils, Kiehl (1979) and
mainly Moraes (1991) showed relationships between
clay content and soil D,. However, these relations were
not used in the first attempt to estimate C pools for the
Brazilian basin (Moraes et al., 1995), assuming constant
values for Dy, (mean D, by soil type).

" Asurvey called RADAMBRASIL reported soil anal-
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yses for about 12000 soil horizons representing 2559
soil profiles throughout the Amazon basin. Carbon and
other soil properties were routinely measured but not
D, as a result limiting the usefulness of this survey for
estimating pools. This limitation could be eliminated if
Dy, could be accurately estimated from other routinely
measured soil properties. If one wants to estimate C
pools in an approach based on extrapolation of calcu-

Abbreviations: CV, coefficient of variation; OC, organic carbon; SE,
standard error; SMR, stepwise multiple regression.
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- Latossolos (Oxisols)

1 Podzélicos {Alfisols and Ultisols)

Fig. 1. Map of the legal Amazon basin showing the distribution of
the two main soil divisions: Latossoloes (Oxisols) and Podzoélicos
(Alfisols and Ultisols).

lated stock at a point location, it would be necessary to
predict the D, from other measured properties (a proxy
variable) at the sampling location. Therefore, the aim
of this study was to develop statistical relationships be-
tween D, and other readily available soil characteristics
in order to improve D, predictions in Amazonian soils.

MATERIAL AND METHODS
Soils
According to the considerations developed by Jacomine
and Camargo (1996), the two main divisions of the Brazilian
soil classification, Latossolos (Oxisols) and Podzolicos (Ulti-
sols and Alfisols), cover nearly 75% of the total area (Fig. 1)
of the legal Amazon basin (Rodrigues, 1996). The remainder
are distributed among 13 soil divisions, only two of which are
5% of the Amazon basin: Plintossolos (Inceptisols, Oxisols,

and Alfisols) and Gleissolos (Entisols and Inceptisols), repre-
senting 7.4 and 5.3%. respectively.

A -

Table 1. List of soil properties available in the data base and used
in predictive equations.

Symbol Variable information
D, Soil bulk density (Blake, 1965), in weight per volume
(Mg m ).
DEPTH Average depth of sampled soil horizon (¢m).
oC Organic C by dichromate oxidation are (% [w/w] ef the soil

fraction <2 mm; Walkley and Black, 1934).
GRAVEL Fraction of the bulk soil >2 mm (% [w/w] of the bulk soil).

CLAY Clay content {particles <2 jm), after dispersion with sodium
hexametaphosphate (% [wiw] of the soil fraction
<2 mm; Day, 1965).

SAND Sand content (0.05-2-mm particles) (% [w/w] of the soil
fraction <2 mm; Day, 1965).

PHW pH measured in water (1:1).

PHK pH measured in KC11 M (1:1).

FE Free Fe oxides extractable using sodium dithionite (Deb

method, Jackson, 1958; % of Fe,;0; [wiw] of the soil
fraction <<2 mm).

S Sum of exchangeable bases (8§ = Ca®™* + Mg* + Na' + K'),
Ca and Mg extracted with KC11 M at pH1 7 in the propor-
tion 1:10 (soil/solution), K and Na extracted with HCl1 0.05
M (cmol. kg of soil fraction <2 mm; Vettori, 1969).

CEC Total cation-exchange capacity, CEC = § + AP + HY, S
see above, Al and H determined after extraction with KCI
1 M (cmol, kg of soil fraction <2 mm; Vettori, 1969).

The Brazilian Latossolos correspond to well-drained Oxi-
sols in the U.S. soil taxonomy. and the FAO-UNESCO soil
map legend identifies them as Ferralsols. The Podzolicos be-
long to the Alfisols (when eutrofic) and to the Ultisols (when
dystrofic) orders of the soil taxonomy, and most of them fall
into the Acrisols, Nitosols, and Lixisols (Luvisols) of the FAO-
UNESCO map legends (Van Wanbeke, 1992). Most Alfisols,
Ultisols, and Oxisols belong to low-activity clay soils. Ultisols
usually occupy younger geomorphic surfaces than Oxisols,
with which they are often associated in landscapes (Moraes et
al., 1996). These soils are thick mineral soils, often >2 m deep.

Database for Calculation

The regressions between soil Dy, and other soil parameters
were investigated utilizing data from the Brazilian Amazon

1
HORIZON (P1T)

Volume |

16°

Fig. 2. Localization of the area surveyed by the RADAMBRASIL project. Extent of the area described in each volume, number of the horizen

analyzed and, in brackets, number of the corresponding pit.
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basin. A database was constructed from soil profile informa-
tion for soils pits surveyed by the RADAMBRASIL project
carried out from 1973 to 1982 (Ministério das Minas e Energia,
1973-1982). The RADAMBRASIL project was carried out
in the entire Brazilian Amazon (Fig. 2) and included surveys
of geology, geomorphology, vegetation, soils, and land use.
The soil survey had the main objective of identifying, de-
limiting, and localizing the various soil classes that occur in
this region. Several laboratories participated in the soil survey
and subsequent analyses, but only one (Centro de Estudos de
Solos da ESALQ/USP, Piracicaba, Brazil) reported values of
soil Dy, (paraffin clod method, Blake, 1965). Reported results
include other physicochemical soil properties (Table 1) such
as C concentrations (Walkley-Black method, Walkley and
Black, 1934) and particle-size analysis (pipette method, Day,
1965). The RADAMBRASIL project reported Dy, determina-
tions directly in only four volumes (Vol. 10, 16, 17, and 20)
corresponding to 323 horizons (Fig. 2), which were stored in
the data base. The number of measured D, values for the
Latossolos and the Podzdlicos were 62 and 212, respectively.
The remainder were spread among the other soil divisions,
with numbers of samples too small to be representative.

Table 1 is a list of soil properties available in the data base
and a brief description of the laboratory procedures. Complete
description can be found in RADAMBRASIL reports (Minis-
tério das Minas e Energia, 1973-1982) or in the specific refer-
ences indicated in Table 1.

Data Analysis

Descriptive statistics and multiple linear regression analyses
using a least-square criterion method were performed with
the Statistica package for use on a personal computer (Statsoft,
1996). Multiple linear regression analyses were performed on
all the data and subgroups according to soil classification and
horizon type. The procedure used was a stepwise linear regres-
sion, which allowed independent variables to be individually
added or deleted from the model at each step of the regression,
and therefore evaluation of changes in the R? value. A muitiple
linear regression method was used because it is a practical
tool that furnishes direct quantitative results, and also because
the data set was not adapted to spatial analysis such as geostati-
tics due to lacking or imprecise geographic coordinates.

In the linear regressions, only parameters with statistical
significance at the 0.01 level were considered for computing
predictive equations and reporting results. Standard error
(SE) of the estimates and percentage of the variance ex-
plained, through R? values, were used as a means to evaluate
reliability of the models. The input variables were chosen
because they are known to influence D, (OC and soil texture)
or because they are easily obtained (pH).

RESULTS AND DISCUSSION

The 323 soil horizons covered a wide range of soil
textural classes. Both clay and sand fractions ranged

Table 2. Descriptive statistics for all the data (n = 323).7
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from a few percentage points to >90% (Table 2). All
chemical properties, except pH measurements, had a
coefficient of variation (CV) >40%. The OC contents
ranged from 0.04 to 12.16%, and had a CV of 126.9%.
According to Wilding and Drees (1983), OC is one of
the most variable soil properties, with a magnitude of
variability that generally increases with increasing scale
factor from pedons {<10%) to polypedons (20-30%)
to mapping units (30-70%). Therefore, it is not surpris-
ing to find a CV of 126.9% at the continental scale. The
legal Amazon basin is about 5000000 km? Manrique
and Jones (1991), at a similar scale, (Continental USA,
Hawaii, Puerto Rico, and some other countries) found
CVs for OC ranging from 87 to 200% for various soil
orders. However, in our study this high CV of OC is
mainly due to a few high OC contents.

Descriptive statistics of soil properties for Latossolos
(Oxisols) and Podzdlicos (Alfisols and Ultisols) are re-
ported in Table 3. The B horizons were more clayey than
A horizons, contained higher free Fe oxide contents
and had lower nutrient and OC contents. Podzodlicos
(Alfisols and Ultisols) were more stony and less clayey
(clay content significantly different at the 0.001 level)
than Latossolos (Oxisols), but both orders had similar
levels of cation-exchange capacity, free Fe oxides, and
OC.

Mean D,s were 1.15 and 1.17 Mg m™ for Latossolos
(Oxisols) and Podzdlicos (Alfisols and Ultisols), respec-
tively. Manrique and Jones (1991), studying nine orders
of U.S. taxonomy, found mean values of D, ranging
from 1.2 (Oxisols) to 1.5 Mg m ™ (Alfisols and Ultisols),
with associated CVs of 16.6 and 13.3%, respectively.
Coefficients of variation for D, were 9.7% for Latos-

- solos (Oxisols) and 10.6% for Podzélicos (Alfisols and

Ultisols), consistent with the findings of Moraes et al.
(1995) at the same scale: 7% for the Podzélicos (Alfisols

. and Ultisols) and 13% for the yellow dystrophic Latos-

solos (Oxisols) of the Amazon basin.

Stepwise multiple regression on all the data showed
that clay content is the best predictor of D, accounting
for 37% of the variation (Table 4). Adding OC content
increased the explained variance up to nearly 50%.
Adding pH, determined in water, as a third variable
and sand content as a fourth variable led to an explained
variance of 56%. After the first four steps, no other
variable was significant at the 0.01 level nor further
reduced the SE of estimates. Using logarithmic or
squared terms for OC did not improve the predictions.

The final best predictive equation for all the data was:

D, DEPTH OocC GRAVEL CLAY SAND PHW PHK FE s CEC
Mean 118 535 0.93 ‘516 38.84 38.89 4.36 3.89 318 1.46 6.96
Median 117 45.0 0.56 1.20 36.60 37.10 4.30 380 259 0.47 535
Min 0.74 1.5 0.04 0.00 3.90 1.60 3.00 3.00 0.00 0.11 0.58
Max 158 160.0 12.16 93.50 90.70 91.90 6.50 5.70 12.00 28.75 3145
SDz 0.14 41.5 118 12.13 18.26 21.88 0.65 0.43 2.57 3.54 4.99
CV§, % 1.9 715 126.9 2351 47.0 563 14.9 11.1 80.8 41.2 7.7

T See Table 1 for complete description of the variables.
} Standard deviation.
§ Coefficient of variation (SD/mean).
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Dy, DEPTH oC GRAVEL CLAY SAND PHW PHK FE S CEC
Latossolos (Oxisols), A horizen (r = 26)
Mean 114 21.08 1.63 1.01 47.62 42.20 3.07 3.68 294 0.58 8.69
Median 117 16.25 1.39 0.20 46.60 40.85 3.65 3.70 2.30 0.53 812
Min 0.81 1.50 0.43 0.00 16.50 5.80 3.00 3.20 0.50 0.15 3.07
Max 1.37 52.50 4.40 7.70 83.90 T77.90 4.40 4.00 11.80 1.48 15.65
SDi 0.13 14.87 0.99 1.98 21.90 23.79 0.31 0.23 2.90 0.35 3.52
Latossolos (Oxisols), B horizon (r = 36)
Mean 115 86.94 0.51 251 54.92 36.51 4.26 3.98 3.46 0.31 4.75
Median 113 81.25 0.44 0.25 57.20 33.65 4.30 4.00 2.60 0.27 4.15
Min 093 25.00 0.10 0.00 23.30 4.60 3.90 3.30 0.52 0.11 2.19
Max 1.36 157.50 1.28 32.50 90.70 66.70 5.00 4.60 12.00 0.64 10.28
SD 0.11 33.80 0.31 5.95 20,15 21.35 0.28 0.24 323 0.14 1.98
Podzélicos (Alfisols and Ultisols), A horizon (n = 88)
Mean 119 14.56 1.65 6.41 27.69 4917 4.01 3.74 2.50 135 8.30
Median 1.18 10.00 i1 1.50 27.60 51.90 3.90 3.70 2.09 0.73 6.94
Min 0.74 2.50 0.12 0.00 3.90 9.50 3.00 3.10 0.08 0.25 0.93
Max 1.56 45,00 12.16 93.50 61.60 85.50 5.90 5.50 7.97 8.42 25.57
SD 0.13 10.21 1.78 16.22 12.58 19.18 0.60 0.44 1.81 1.65 525
Podzélicos (Alfisols and Ultisols), B horizon (n = 124)

Mean 1.15 77.59 0.40 7.61 44.86 34.10 4.70 4.03 3.57 0.67 4.65
Median 1.14 71.25 0.33 1.85 43.85 35.55 4.60 3.90 2.98 0.42 4.20
Min 0.92 15.00 0.12 0.00 19.50 6.30 3.60 3.40 0.27 0.11 0.58
Max 1.47 160.00 1.68 74.40 76.80 71.90 6.50 5.70 11.01 4.19 11.37
SD 0.12 35.09 0.24 13.48 14.08 15.98 0.61 0.46 2.21 0.70 1.94

T See Table 1 for complete description of the variables.
% Standard deviation.

Dy, = 1.52(+0.05) — 0.0038(+0.0004) clay
— 0.050(+0.005) OC — 0.045(0.008) pH
+ 0.0010(=0.0003) sand  (R? = 0.56)

The effect of soil textural classes on the residual errors
was tested. Five textural classes were considered ac-
cording to the simplified Brazilian classification (Prado,
1996, p. 38): clay >60% (very clayey, n = 43), 35% <
clay <60% (clayey, n = 134), clay <35% and sand
<15% (silty, n = 7), sand > clay + 70% (sandy, n =
14), and the remaining (medium, r =125). Predicted D,
was not significantly (0.001 level) different from mea-
sured D, for all classes, except for sandy soils. In this
last case, predicted values (mean 1.34 Mg m ) systemat-
ically underestimated observed values (mean 1.43 Mg
m™>). Sandy layers corresponded with soils classified as
Areias Quartzosas (Psamments). A specific SMR for
the sandy soils showed that D, was best predicted using
OC and sand content:

D, = 0.0181(+0.0003) sand — 0.08(=0.02) OC
(R* = 0.66)

Then an SMR was conducted on all the data after
suppression of the sandy layers (Table 5). The first three
predictors were clay content, OC, and pH as for all the

Table 4. Results of the stepwise multiple regressions for all the
data (323 horizons).t

Intercept CLAY ocC PHW SAND SE: R?

1.3528 —0.0045 ' 011  0.369
1.398 —0.0047 —0.042 0.10  0.498
1.606 —0.0046 —0.051 —0.047 209 0542
1.524 ~0.0038 —0.050 —0.045  0.0010 009  0.558

7 See Table 1 for completfe description of the variables.
I Standard error of estimate.
§ All parameters have statistical significance at 0.001 level.

data. Sand content did not add any significant contribu-
tion. The gravel content, however, was then significant.

Results from Table 5 show that textural characteris-
tics have a major effect on D, in these soils. This is
probably due to the low levels of OC that are generally
observed in tropical soils. Predictions of D, using soil
textural components have been conducted on soils and
horizons having a low level of OC: fragipan horizons
(Jones, 1983), 30- to 50-cm layers of glaciofluvial soils
in Finland (Heinonen, 1977), Brazilian tropical soils
(Moraes, 1991; Kiehl, 1979), various U.S. soils (Rawls
[1983] with mean OC = 0.66%; Shaffer [1988] with
mean organic matter = 2.59%), and soils with high stone
contents (Stewart et al., 1970; Vincent and Chadwick,
1994). On the other hand, Dy, has been frequently related
to OC in soils storing large amounts of organic matter
(Grigal et al., 1989; Huntington et al., 1989; Arrouays
and Pélissier, 1994; Howard et al., 1995).

Data were partitioned into two subsets according to
horizon type: A horizons (mean OC = 1.68%) on the
one hand and B + C horizons (mean OC = 0.43%) on
the other hand (Table 5). A SMR was conducted on
each subset. The influence of OQC on Dy, variation de-
creased with soil depth. The OC variation explained
33.5% of the variance in A horizons and only a few
percentage points in the other layers. The pH values
played an increasingly significant role in predicting D,
as soil depth increased. In the literature, relationships
between D, and pH measurements are few. Shaffer
(1988) observed that pH showed its highest correlation
with D, for 0- to 15-cm soil layers, but gave no explana-
tion. Dupouey et al. (1997), for superficial layers under
temperate forest, gave a predictive equation for Dy
based on OC, pH in water, and gravel content. In deeper
layers, texture or other properties play an increasingly
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Table 5. Results of the stepwise multiple regression for all the data except the sandy soils (309 horizons).}

Regression equations SE% R?
All horizons (n = 309)
Intercept CLAY ocC PHW GRAVEL CEC
1.324 —0.0040 0.10 0.316
1.369 —0.0042 —0.040 0.09 0.459
1.580 —0.0040 ~0.050 —0.047 0.09 0.513
1.615 —0.0040 -0.055 —0.057 0.0014%* 0.09 0.530
A horizon (r = 121)
Intercept ocC CLAY GRAVEL PHW
1.241 —0.046 0.10 0.335
1.331 —0.042 —0.0030 0.09 0.484
1.322 —0.050 —0.0026 0.0021%% 0.09 0.511
1.526 —0.056 —0.0028 0.0028 —0.048 0.08 0.566
B horizon (r = 174) + C horizen (n = 14)
Intercept CLAY PHW ocC CEC PHK
1.396 —0.0051 0.09 0.477
1.681 —0.0051 —0.062 0.08 0.559
1.722 —0.0048 —0.069 —0.048%* 0.08 0.568
1.739 —0.0047 —0.076 —0.087+* 0.005%* 0.08 0.589
1.678 —0.0048 —0.111 —0.112 0.006 0.058%* 0.08 0.604

#% Significant at the 0.01 probability level. All other parameters significant at 0.001.

t See Table 1 for complete description of the variables.
% Standard error of estimate.

significant role in controlling D, as OC is a minor com-
ponent as soil depth increases. The use of pH as an input
variable is justified by the fact that pH is commonly
determined at low cost. No direct physical link exists
between D, and pH, but nevertheless, as pH is linked
in these soils to the total exchangeable capacity, ex-
changeable Al hydroxyl, clay (content and nature), and
Fe oxides, this could explain the role played by pH in
these regressions. Dupouey et al. (1997) hypothesized
that increasing pH values would be related with increas-
ing Ca level, and this, in turn, would result in more stable
soil aggregates and therefore a higher soil porosity (i.e.,
lower D). However, this must be moderated for tropical
soils, which have low level of exchangeable bases.
When considering subsets based on soil classification
and horizon type, the use of OC and clay content as
predictors increased the percentage of explained vari-
ance. In the case of Latossolos (Oxisols), the explained
variation in D, reached 71% using all layers and 79%
for A horizons (Table 6). Clay alone also gave good
results and could be considered as an alternative for

estimating D, when OC measurements are lacking.
When suppressing OC and clay contents in the SMR,
another set of variables (sand contents, cation-exchange
capacity, and Fe oxide contents) also gave good results,
increasing R? values and decreasing SE. But the general
usefulness of these last equations is doubtful, as Fe oxide
measurements are commonly sparse.

Manrique and Jones (1991) found that the square
root of OC could be used to predict D, for Oxisols:
D, = 1.396 — 0.185 VOC (R? = 0.24 and n = 173). Very
similar results were obtained with the Latossolos (Oxi-
sols) when testing this regression: I, = 1.287 — V0.154
OC (R? = 0.25 and n = 62). Using the model given by
Manrique and Jones (1991) led to a mean overestima-
tion of only 0.08 for the predicted D;. These consistent
results show that studies based on large amounts of
data and scales improve the general usefulness of the
predictive equations.

Concerning the Podzdlicos (Alfisols and Ultisols),
clay and OC contents explained 47% of the variation
in Dy. Variations in D, were less related to clay content

Table 6. Results of the stepwise mulfiple regression for the Latossolos (Oxisols).t

Intercept CLAY ocC SAND CEC FE SEf R
All horizons (n = 62)

1.376§ —0.0044 0.08 0.590

1.404 —0.0040 —0.048 0.07 0.709

1.013 0.0044 -0.013 0.015 0.06 0.757
A horizen (r = 26)

1.371 —0.0048 0.09 0.614

1.419 —0.0037 —0.061 0.06 0.786

1.166 0.0030 —0.017 0.08 0.711

1.0%% 0.0037 —0.018 0.016** 0.06 0.809
B horizon (n = 36)

1.392 —0.0044 0.07 0.628

1.001 ; 0.0041 0.07 0.622

1.037 0.0043 —0.022%* 0.019 0.06 0.754

** Significant at the 0.01 probability level. All other parameters significant at 0.001.

+ See Table 1 for complete description of the variables.
F Standard error of estimate.
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Table 7. Results of the stepwise multiple regression parameters for Podzolicos (Alfisols and Uliisols).

Regression equations SE: R
All horizons (r = 212)

Intercept CLAY ocC PHW GRAVEL .

1.338 —0.0045 0.10 0.326

1.394 —0.0051 —5.037 0.09 0.469

1.625 —0.0046 —0.046 —8.055 0.69 0.542

1.669 —0.0045 —0.053 —0.067 0.0015%* 0.08 0.568
A horizon (n = 88)

Intercept ocC SAND DEPTH CLAY PHW

1.265 —0.044 @11 §.358

1.133 -0.041 0.0026 0.1 9.492

1.054 —0.035 0.0030 0.003+* 0.09 6.542

1172 —0.038 0.0019%* 0.004 —0.0031%* 0.09 0.588

1.355 —0.032 0.0021+* 0.005 —8.0035%F —0.046%* 0.08 0.626
B herizon (r = 124)

Entercept CLAY PHW PHEK

1.421 —0.6060 0.09 6.491

1.718 —0.0056 —0.068 0.08 0.602

1L.o62 —.0056 —-0.099 0.0507%* 0.68 0.615

** Significant at the 0.01 probability level. All other parameters significant at (.001.

T See Table 1 for complete description of the variables.
T Standard error of estimate.

for Podzolicos (Alfisols and Ultisols) than for Latos-
solos (Oxisols), 33 and 59% of explained variance, re-
spectively. Adding OC in the model improved the R
value by a similar level for both orders, suggesting that
OC contents have a similar importance in controlling
D, for both soils. The inclusion of both pH and gravel
content in the model improved the prediction of D, for
the Podzdlicos (Alfisols and Ultisols), reaching 57%
of the variance explained (Table 7). Partitioning the
Podzélicos (Alfisols and Ultisols) data by horizon type
led to results similar to those inferred for Latossolos
(Oxisols) concerning OC content.

All these results suggest that an estimate of the SE
of predicting Dy, throughout the Amazon basin would
fall within 5 to 10% of the predicted values. The SE of
the estimate and R? values are lower for the Podzolicos
(Alfisols and Ultisols) than for the Latossolos (Oxisols)
This is certainly due to the higher CV of the soil proper-
ties used as predictors in the SMR for the Podzdlicos
(Alfisols and Ultisols). For the Latossolos (Oxisols) OC
exhibits a CV of about 60%, whereas it reaches 108%
for the A horizons of the Podzélicos (Alfisols and Ulti-
sols). The same trend is encountered for the pH values,
with CVs ranging from 6 to 8.5% for the Latossolos
(Oxisols) and between 11 and 15% for the Podzélicos
(Alfisols and Ultisols). Regarding the textural proper-
ties, there is no marked difference in the CVs for the
clay, sand, and gravel content, but in the case of the
gravel content, the range of the extremes is 93.5 for the
Podzoélicos (Alfisols and Ultisols), whereas it is only
32.5 for the Latossolos (Oxisols). This general trend of
CV and range of the soil properties being higher for
the Podzdlicos (Alfisols and Ultisols) is certainly due
to the higher homogeneity of the Brazilian soil division
Latossolos (Oxisols), which had a more restrictive defi-
nition than the Podzdlicos (Alfisols and Ultisols) di-
vision,

CONCLUSION

A computer model is now used for a wide range of
applications, e.g., environmental risk assessment, ag-

ricultural systems, and global environmental change.
Many of these models require soil D, values that are
commonly lacking. To partly overcome this problem,
the need exists to develop mathematical expressions,
called pedotransfer functions, to estimate Dy, from other
soil properties. The strong point of this study is the
development of such functions with high R? values,
showing that D, can be reliably predicted from other
basic soil properties, such as OC, texture, and pH. The
results of this large-scale study provide the first baseline
for predicting D, for soils of the whole Amazon basin.
The SE associated with predicted D, for the Latossolos
{Oxisols) and the Podzdlicos (Alfisols and Ultisols) was
between 0.06 and 0.11 Mg m~. The error due to D
estimation that could be expected if total OC was calcu-
lated based on calculated steck at point locations would
be <10% of the final result. This reliability can be con-
sidered as satisfactory for such a continental scale. The
results of this study will provide a basis for estimating
OC stocks in the Amazon basin using information avail-
able in the RADAMBRASIL soil survey.
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