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Environmental and Economic Costs of Soil
Erosion and Conservation Benefits
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S. Crist, L. Shpritz, L. Fitton, R. Saffouri, R. Blair

Soil erosion is a major environmental threat to the sustainability and productive capacity
of agriculture. During the last 40 years, nearly one-third of the world’s arable land has been
lost by erosion and continuas to be lost at a rate of more than 16 million hectares per year.
With the addition of a quarter of a million people each day, the wortd popuiation’s food
demand is increasing at a time when per capita food productivity is beginning to decline.

Soil erosion is a major envitonmental and
agricultural problem worldwide, Although
erosion has ccowrred throughout the history
of agriculture, it has intensified in recent
years (1). Each year, 75 billion metric tons
of soil are removed from the land by wind
and water erosion, with most coming trom
agricultural land (2). The loss of soil de-
grades arable land and eventually renders it
unproductive. Worldwide, abour 12 x 10%
ha of arable land are destroyed and aban-
doned annually because of nonsustainable
farming practices (1), and only abour 1.5 X
10% ha of land are being culrivared (3, 4).
Per capita shortages of arable tand exist in
Africa, Asia, and Europe because of lost
eroded land and the expansicn of the world
population to nearly 6 billion (I, 5).

To adequately feed people a diverse diet,
about 0.5 ha of arable land per capita is
needed (6}, yer only 0.27 ha per capita is
available. Tn 40 years, only (.14 ha per
capita will be available both because of loss
of land and rapid population grawth (5). In
many regions, limired land is a major cause
of food shortages and undermutrition (4, 7).
Over 1 billion humans (abour 20% of the
population) now are malnourished because
of food shortages and inadequare distribu-
tien {8, 9). With the world population
increasing at a quarter of a million per day
and continued land degradation by erosion,
fond shortages and malnutrition have the
potential to intensify {10, 11}.

The use of large amounts of fertilizers,
pesticides, and irrigation help offset delete-
tious effects of erosion but have the poten-
tial to create pollution and health problems,
destroy natural habirats, and contribute to
high enetgy consumption and unsustainahle
agriculeural systems. Erosion also is a major
cause of deforestation: As agricuttural land
is degraded and abandoned, more forests are
cut and converted for needed agricultural
producrion {12).

In this article, we (i) examine the ways
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in which erosion reduces soil ferrility and
crop productivity, (ii) assess the environ-
mental and economic costs of soil erosion,
and {iii} compare various agricultural tech-
niques and practices that reduce erosion
and help conserve water and sail resources.

Erosion on Croplands
and Pastures

Worldwide erosion rates. Of the world’s agri-
cultural Jand, about one-third is devoted to
crops and the remaining two-thirds is de-
vated to pastures for livestock grazing (4,
13}, Abour 30% of the world’s agricultural
land suffers moderate to severe erosion, and
10% suffers slight to moderate erosion (9).
Croplands are the most susceptible to ero-
sion because their soil is repeatedly tilled
and lefr without a protective cover of veg-
etation. However, soil erosion rates may
exceed 100 rons ha™' year™! in severely
overgrazed pastures {14). More than half of
the world’s pasturelands are overgrazed and
subject to erosive degradation {15}

Soil evosion tates are highest in Asia,
Africa, and South America, averaging 30 to
40 tons ha™! year™!, and lowest in the Unired
States and Europe, averaging abour 17 tons
ha™! year™' (16). The relatively low rates in
the United Stares and Europe, however,
greatly exceed the average rate of soil forma-
tion of abour ! ron ha™! year (the rate of
conversion of parent material into soil in the
A, E, and B horizons) ({7). Erosion mates in
undisturbed forests range from only 0.004 to
Q05 ton hat vear™ (18, 19).

Erosion rates in the United States. In the
last 200 vears of U.5. farming, an estimated
108 ha {~30%} of farmiand has been aban-
doned because of erosion, salinization, and
watertogging (i3, 18, 20). Wind erosion
appears o be worsening, while water ero-
sion appears to be declining {13, 21, 22).

Croplands in the United States lose soil
at an average tate of 17 tons ha™! year™!
from combined water and wind erosion, and
pastutes lose 6 tons ha™! year™ ({3). About®
90% of U.S. cropland is losing soil above

the sustainable rate (23, 24}. About 54% of
U.S. pastureland (including federal lands) is
overgrazed and subject to high rates of ero-
sion (25, 26).

The extent of U.S. s0il erosion is well
documented. One-half of the fertite Topsoil
of lowa has been lost during the last 150
years of farming (27, 28), and loss of topscil
confinues at a rate of abour 30 tons ha'
year” (13). Similarly, abour 40% of the
rich Palouse soils of the northwest United
States has been lost in the past century.

During the past 30 years, the average
farm size has more rhan doubled from 90 o
190 ha (29, 30). To create larger farms and
fields, farmers have removed the grass strips,
shelterbelts, and hedgerows thar once pro-
tected soil from ercsion (23, 24, 31). Crop
specialization bas abo led 1o the use of
heavier machines that damage the entire
soil ecosystem (32, 33).

Erosion Processes

Erosion results from energy rransmirred

from rainfall and wind. Raindrops hit ex-

posed soil with an explosive effect, launch-
ing soil particles into the ait. In most areas,
raindrop splash and sheer ercsion are the
dominant forms of erosion (34, 35). Erosion
is intensified on sloping land, where more
than half of the soil contained in the
splashes is carried downhill.

Airborne soil parriculates can be rrans-
ported thousands of miles. For instance,
soil particles from eroded African lands
are blown as far as Brazil and Florida (36),"
and Chinese soil has been detected in
Hawaii {37).

Factors influencing Erosion

Erosion increases dramatically on steep
cropland. Yet, steep slopes are now routine-
ly being converted from forests for agricul-
tural use because of rhe increasing needs of
the human population and land degrada-
tion (I'}. Once under conventional culriva-
tion, these steep slopes suffer high erosion
rates: In Nigeria, cassava fields on steep
{(~12%) slopes lost 221 tons ha™' year™!,
compared with an annual soil loss of 3 tons
ha ! year! on flat {<1%) land (38). The
Philippines, where over 58% of the land has
slopes greater than 11%, and Jamaica,
where 52% of the land has slopes greater
than 20%, exhibit soil losses as high as 400



tons ha™! vear™ (I).

Living and dead plant biomass left on
fields reduce soil erosion and water runoff
by intercepting and dissipating raindrop
and wind energy. In Missouri, for example,
barren land lost soil at a rate 123 times that
of land that was covered with sod (which
tost <0.] ton ha™' year™') (39). Similarly in
Oklahoma, areas without rye grass or wheat
cover lost 2.5 10 4.8 times as much water as
land with cover (40).

Loss of vegetative cover is particularly
widespread in many third-world countries.
About 60% of crop residues in China and
90% in Bangladesh are remnoved and burned
for fuel each year (41). In areas where fuel is
scarce, even the roots of grasses and shrubs
are collected (42).

Both the rexture and the structure of soil
influence its susceptibility to erosion. Soils
with medium to fine texture, low organic
matter conrent, and weak structural devel-
opment have low infiltration rates and ex-
perience increased water runoff (35).

Erosion and Productivity

Because of erosion-associated loss of produc-
tivity and population growth, the per capita
food supply has been reduced over the past
10 years and continues to fall (43). The Food
and Agriculture Organization reports that
the per capita production of grains, which
make up 80% of the world food supply, has
been declining since 1984 (44).

Crop yields on severely eroded soil are
lower than those on protected soils because
erosion reduces sail fertility and water avail-
ability. Comn vields on some severely eroded
soils have been reduced by 12 to 21% in
Kentucky, O to 24% in Ilinois and Indiana,
25 to 65% in the southern Piedmont {Geor-
gia), and 21% in Michigan (45-47). In
several areas of the Philippines, erosion has
caused declines in corn productivity as se-
vere as 80% over the last 15 years (48).

Erosion by water and wind adversely af-
fects soil quality and productivity by reduc-
ing infiltration rates, warer-holding capaci-
Ty, nutrients, organic matter, soil biota, and
soil depth (33, 49, 50). Each of these fac-
rors influences soil productivity individually
but also interacts with the other factors,
making assessment of the impacts of soil
erosion on productivity difficult.

All crops require enormous guantiries
of water for their growth and the produc-
tion of fruit (51-53). For example, during
a single growing season, a hecrare of corn
(yield, 7000 kg ha"'} transpires abour 4 X
10° liters of water (54), and an additional
2 X 108 liters ha! concurrently evaporate
from the soil (55, 56).

en erosion occurs, the amount of
water runoff increases, so that less water
enters the soil matrix and becomes avail-
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able for the crop (Table 1}). Moderately
eroded soils absorb from 10 to 300 mm less
water per hectare per year than uneroded
soils, or between 7 to 44% of toral rainfall
{57-60). This degree of warer loss reduces
crop productivity; even a runoff rate of 20
to 30% of total rainfall can result in signif-
icant water shortages for crops (61). In the
tropics, Lal (31) reported that erosion may
reduce infiltration by up to 93%.

In addition to creating water deficien-
cies, soil erosion causes shorrages of basic
plant nutrients, such as nitrogen, phospho-
rus, porassium, and calcium, which are es-
sential for crop production. A ton of fertile
agricultural topsoil typically contains 1 to 6
kg of nitrogen, ! to 3 kg of phosphorus, and
2 1o 30 kg of potassium, whereas a severely
eroded soil may have nitrogen levels of only
0.1 to 0.5 kg per ton (50, 62). Wind and
water erosion selecrively remove the fine
organic particles, leaving behind large par-
ticles and stones. Eroded soil typically con-
tains about three times more nutrients than
the soil left behind (63-65).

When nutrient reserves are depleted by
erosion, plant growth is stunted and crop
yields decline {Table 2}. Scils that suffer
severe erosion may produce 15 to 30% lower
corn yields than uneroded soils {46, 52), and
with fernilization, the yield reductions range
from 13 to 19% {45-47). Under the current
average soil erosion rtates {17 tons ha™!
year™!), the loss of nitrogen, phosphorus,
and porassium can be expected 10 cause a
long-term drop in crop yields. If soil erosion
is 1 ton ha™! vear™! or less, if crop residues
are left on the land, and if nutrients are
added to oftset any of the nutrients removed
with the crop, then soil quality and produc-
tivity will remain high and sustainable.

Organic matter, a necessary component
of soil, facilitates the formation of soil ag-

gregates, increases soil porosity, and thereby
improves soil structure, water infiltration,
and ultimately overall productivity (66,
67). In addition, organic matter increases
water infiltration. facilitates cation ex.
change, enhances roor growth, and stimu.
lates the proliferation of important soil
biota {34). About 95% of the nitrogen and
25 1o 50% of the phosphorus is contained in
otganic matter (34).

Fertile topsoils typically contain about
100 tons of organic matter {or 4% of total
soil weight) per hectare (68, 69). Becamse
most of the organic matter is near the soil
surface in the form of decaying leaves and
stems, erosion of topsoil results in a rapid
decrease in levels of soil crganic matter.
Several studies have dernonstrated that the
soil removed by either wind or warter er-
sion is 1.3 to 5 times richer in organic
matter than the soil left behind (34, 70).
The loss of 17 tons of soil per hectare by
rainfall removes nearly 2 tons of organic
matter {69}.

Once the organic martter layer is deplet.
ed, soil productivity and crop vields decline
because of the degraded soil structure and
depletion of nutrients. For example, tle
reduction of soil organic marter from 4.3 i
1.7% lowered the yield potential for corn by
25% in Michigan {71).

Although soil biota are often ignored in
assessments of the impact of erosion, they
are a critical component of the soil and
constitute a large portion of the soil bio-
mass. One square meter of soil may support
populations of abour 200,000 arthropods
and enchytraeids and billions of microbes
(72, 73). A hecrare of good quality s
contains an average of 1000 kg of eart]
worms, 1000 kg of arthropods, 150 kg of
protozoa, 150 kg of algae, 1700 kg of bac-
teria, and 2700 kg of tungi (74). Soil biota

Table 1. Water runoff rates compared for conservation versus conventional plantings of com.

r .

Neeno G o ye
Com stover mulct vs. 0.06 1.24 0.34
no stover residue (770) 1.30
Rye cover mulch vs, 39 135 34
residue burned {177) 17.4
Manwre muich vs. 8.0 4.1 11
no manure (7712} 13.1
Com-oats-hay-hay vs. 0.58 2.50 0.6
conventional continuous (77.3) 3.08
MNo-till in sod vs. 3.7 7.0 1.8
conventional (714) 10.7
Level terraced vs. 0.94 7.2 1.8
contour planted (175) 8.14
Dense planting vs. 2.49 0.87 0.2
bare soil (7716} 3.32
Reduced till vs. 2.1 15 0.4
conventional (117) 3.6

* Incraased vigld basad on the resutis of Troeh et al, {(50).
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recycle the basic nutrients required by
plants (74, 75). Also, the tunneling and
burrowing activities of earthworms and oth-
er soil biora enhance productivity by in-
creasing water infiltration rates.

The erosion typical of conventional ag-
ricuiture may decrease the diversity and
abundance of scil organisms {76, 77),
whereas practices that maintain the soil
organic matter confent at optimum levels
favor the proliferation of soil biora (78).
Thus, the simple practice of straw-mulching
may increase biota threefold (79), and the
application of organic matter or manure
may increase earthworm and microorgan-
st biomass as much as fivefold (80

Soils form slowly: It rakes between 200
and 1000 years to form 2.5 cm {1 inch) of
topsoit under cropland conditions, and even
longer under pasture and forest conditions
(24, 33, 61, 81). In the United Srares,
where 2.3 em of soil are lost every 16.5
vears, sail has been lost at about 17 times
the rate at which it has formed {{7). Esti-
mates are that the average U.S. topsoil
depth was abowr 23 em in 1776. Today,
after about 200 years of farming, the average
depth has declined to about two-thirds of
the original soil depth (~15 cm) (82).

Model of Erosion Effects
on Crop Productivity

To assess how and to what extent erosion
decreases crop productivity, it is necessary
to consider the multiple facrors that influ-
ence erosion rates, as well as the soil com-

ponents that affect productivity. We have
developed empirical models that incorpo-
rate the numerous factors affecting both
erosion rates and soil productivity. The
stope of the land, soil composition, and
extent of vegetarive cover influence the
rate of erosion, and the soil depth, pres-
ence of soil biota, organic matrer, water-
helding capacity, and nutrient fevels in-
fluence the soil's productive . capaciry.
These factors form a complex and inter-
dependent systers. Changes in one factor
subsequently affect all or many others.
The models demanstrate how soil erosion
causes the loss of soil nurrients, depth,
biota, organic matter, and water resources
and how these losses translate into re-
duced crop producrivity. The models are
based on the foilowing set of assumptions:
~700 mm of rainfall, soil depth of 15 cm,
stope of 5%, loamy soil, 4% organic mat-
ter, and soil erosion rate of 17 rons ha™!
year™!. The models provide a perspective
on the interdependence of the various fac-
tors associated with the ecalogical effecrs
of erosion.

On the basis of empirical evidence, it
appears that when soil erosion by water and
wind occurs at a rate of 17 tons ha™? year™!,
an average of 75 mm of warer, 2 tons of
organic matter, and 15 kg of available ni-
trogen are lost from each hectare each year
(Table 3). In addition, scil depch is reduced
by 1.4 mm, the water-holding capacity i
decreased by less than 0.1 mm, and soil
biota populations are diminisked. When
combined, these losses translate into an 8%

Table 2. Estimated annuat economic and energetic costs (per hectare) of soil and water loss from
conventional com assuming a water and wind erosion rate of 17 tons ha~’ year ™ over the iong term (20

years}.
Apnnual Caost of Energetic Yield loss after 20
Factors quantities replacement costs years of erosion

lost {doltars) [10° kcal (%)
Water runoff 75 mm” 30+ 700% 7
Nitrogen 50 kgé 5004
Phosphorus 2 kg§ 100§ 3 89
Potasstum 410 kgt 260|
Soil depth 1.4 mm” 16 - 7~
Crganic matter 2 tons” - - 4ty
Wate - holding capacity 0.1 mm* - - 21t
Soil bie.'a - - - 18§
Totel on-s:te 146 1460 201
Total off-gite 5099 100
Grand total 196 1560
"Takig 3, *The cost of replacing thrs much water by ground-water frigation basad on 1992 doVars {7 75). The value

s recuted by 40% because it is assumed that water erosian accounts for 80% of U.S. arosion (718). However, if rainfall

werg abungant, then this replacement cost would not be necessary.
§Total nutrients loss, based on the results of Trogh at a/. (50).

9Based on the total loss of 340 1ons ha~ of soll over 20 years and the mineralization and
*Based on reduced productivity of about 6% per loss of 2.5
#tCrganic matter content of the soil was assumed to deciina from 4 to 3% over this pariod, resulting
$3After the loss of 17 tons ha~? year—' of soil, the water holding capacity was

adeptn of 3% m{120).

the fertilizers iost (127).
availability of the nutrients in this soil.
cmof soil (122).
in a 4% decline in productivity.

=Estimated.

YEnergy required to pump ground water from
|Energy reguired to replace

assumed to degline 1.9 mm and productivity declined 2%:; with Severe erosion over time, plant-avaiiabie water may

decline 5G to 75% (17, 123).
arganic matter recycing.

§§Reductions in soil biota were agsumed to reducs infiltration of water and reduce
i Percentages do not add up because the impacts of the various factors are interdepen-

dent and some overlap exists {for example, organic mattar is interrelated with water resources, nutrisnts, sofl biota, and

soll depith). This loss would oceur if lost nutrients and water were not raplaced.

FaTabla 4.
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reduction in crop productivity over the
short term (1 year). The loss of water and
nutrients account for nearly 90% of the loss
in productivity (Table 3). This model as-
sumes that the nutrients and water are not
replaced.

Evaluated over the long rerm {20 years),
empirical evidence again confirms that wa-
ter and nurrient loss continue to have the
greatest effect on crop productivity, ac-
counting for 50 o 75% of the reduced
productivity (65) (Table 7). A reduction in
soil depth of 2.8 ¢cm results in a reduction in
productiviry of about 7%. Soil depth is par-
ticularly crirical because it rakes hundreds
of years to replace a single cencimeter of lost
topsoil. The other factors, inchuding soil
biora, water-holding capacity, and soil
depth, become significant in the long renm.
Agamn, this model assumes thar the last
nutrients and water are not replaced; if they
were replaced, then the 20% loss estimare
would be reduced by one-fourth w one-
third (45-47). On a yearly basis, the effects
of soil erosion often can be temporarily
offset by the extensive use of ferrilizers,
trrigation, plant breeding, and other inputs.
However, the long-term cumulative loss of

Table 3. initial effects of factors contributing to
educed com yield by means of soil erosion of 17
tons ha™? year—' (10 tons ha~" year~' by water
and 7 tons ha™" year~* by wind).

Quantities Yield Loss
Factors | ost (%)
Water runoff 75 mm’ 7
Nitrogent 15 kg
Phogphorust 06 kg 2.49
Potassiumt 123 kg
Soii depth 1.4 mmi 0.3t
Organic 2 tonsl] 0.2
mafter
Water holding 0.1 mm§ 0.1§
capacity
Solf biota - C.1s
Total 8"

*Based on a water erosion rate of abowt 10 tons ba~ 1t
year—® on &% sloping land under conventional tilage,
water loss would be nearly 100 mm (57-60, 124). A
conservative loss of 75 mm was assumed, and based cn
Ihis waler loss, the estimated vield reduction was 7%
{125-127). tTotal nutrients lost are based on the ra-
sults of Troeh et &l (50) but reduced as a result of the
nutrients that would net be immediately available he-
cause of a shortage of time for mineralization
(17). $Based on a bulk density of 1.25 g ¢rn~* and
reduced yield of 6% per 2.5 cm of sail {122} $Water
hoiding capacity of tre soll was talculated 10 be retucet
by 0.1 mm cn the basis of the loss of 17 tons ha~ 1 year—'
{17). |IBased on a 4% organic matter content of the
soll and an enrichment factor of 3; the yield loss is minimat
initially but is sigrificart in the long term, The loss of N, P,
and K nutrients was estimated to raduce vield by 2.4%
{(123). =Reductions in 504 bicta were assumed to re-
duce infitration of water and reduce organic matter recy-
chng but have a minimal impact on yield for a single
year. " Thig estimatedloss occurs after the logs of 17
tons ha~' year—*. Percentages do not add up bscause
the impacts of the various factors are interdependent and
overtap exists {for example, organic mattar is interrelated
with water resources, nutrients, scil biota, and soif depth).



o S

soil organic marter, biota, soil depth, and
warer-holding capaeity in some cases can-
not be replaced by those interventions.

Erosion Costs

Energy costs. About §% of the total amount
of energy spent in the United States is used
in agriculture. Assuming an average erosion
rate of 17 tons ha™' year! for combined
wind and water erosion, we estimate that
the on-site and off-site impacts of soil ero-
sion and associated rapid water runoff re-
quire an additional expenditure of 1.6 X
10% keal of fossil energy per hectare per year
{Table 2). This suggests that abour 10% of
all the energy used in U.S. agriculture today
is spent just to offset the losses of nutrients,
warer, and crop productivity caused by ero-
sion- Although developed countries are cur-
rently using fossil energy—based fertilizers,
pesticides, and irrigation to mask the dam-
age of soil erosion and to maintain high
crop productivity, heavy dependence on
fossil fuels is a risk because fossil enerpy
supplies are finite. Developing nations thart
use intensive annculoural technologies also
rely intensively on the use of fossil energy~
based fertilizers, pesticides, and irrigation to
provide high vields {43).

On-site costs. The use of inappropriate
agricultural pracuces and subsequent soil
and water loss are responsible for significant
economic and environmental on-site costs.
The majar on-site costs of erosion by both
water and wind are those expended to re-
place the lost nutrients and water (Tables 1
and 1). When erosion by water and wind
occurs at a rate of 17 tons ha™! year™!, abour
75 mm of watet and 462 kg of nutrients are
lost per hectare (Table 2). In the United
States, if water had to be replaced, it would
cost about $30 ha™! year™! to replace by
pumping ground water for irrigation and
would require the expenditure of abour 70
liters of diesel fuel per hectare (assuming
that water were available). An additional
$100 ha™! would be required for ferrilizers 1o
replace the lost nutrients {Table 2). If the
on-site and off-site costs are summed, ero-
ston costs the United States a total of abourt
$196 ha! {Table 2). In other parts of the
world, where irtigation is not possible or
fertilizers are too costly, the price of erosion
is paid in reduced food production.

In che United States, an estimated 4 x
10° tons of soil and 130 X 10? tons of water
are lost from the 160 X 10¢ ha of cropland
each year. This translates into an on-site
economic loss of more than $27 billion
each year, of which $20 billion is for re-
placement of nutrients (50) and $7 billion
for lost warer and soil depth (Table 2). The
most significant component of this cost is
the loss of soil nutrients.

The costs of erosion are also high in
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other regions of the world. In Java, for
example, on-farm [osses of productivity re-
lated to erosion are estimated to cost the
economy $315 million per year (83). The
6.6 X 10% tons of Indian soil (14) lost each
year contains 5.4 X 10° tons of fertilizer
worth $245 million (84). Furthermore, up
to half of the amount of fertilizers applied
each vear in areas of India characterized by
heavy rainfall during the southwest mon-
soon is lost as a result of ammaonia volaril-
tzation and leaching {835). In Costa Rica,
vearly erosion from farm and pasture land
removes nutrients worth 17% of the crop
value and 14% of the value of livestock
products (86).

In addition to substantial economic loss-
es of nuwients and warter, erosion causes
significant ecological damage. The removal
of soil may affect plant composition and
deplete soil biodiversity. Some studies of
the effects of erosion focus only on changes
in soil depth. In such studies, the impor-
tance of biodiversity, organic matrer, and
the other complex of interdependent vari-
ables is overlooked. As a result, Lal (87)
reports that such studies significantly un-
derestimate the impact of soil erosion. Stud-
ies on reduced soil depth report crop yield
reductions of only 0.13 to 0.39% per centi-
meter of soil lost {88, 89).

Off-site costs. Erosion not only damages
the immediate agricultural area where it
occurs but also negatively affects the sur-
rounding environment. Off-site problems
include roadway, sewer, and basement sil-
tation, drainage disruption, undermining of
foundations and pavements, gullying of
roads, earth dam failures, eutrophication of
waterways, siltation of harbors and chan-
nels, loss of reservoir storage, loss of wildlife
habitat and disruption of stream ecology,
flooding, damage to public health, plus in-
creased water treatment costs (90).

The most serious of off-site damages are
caused by soil parricles entering the water
systerns (91). Of the billions of tons of soil
lost from U.S, cropland each year, about
60% is deposited in streams and rivers ({3).
These sediments harm aquatic plants and
other organisms by contaminating the wa-
ter with soil ‘particles along with fertilizer
and pesticide chemicals, which adversely
alter habitat quality (92).

Silration is a major problem in reservoirs
because it reduces water storage and elec-
tricity production and shortens the lifetime
and increases the maintenance costs of
dams. About B8O X 10° tons of agricultural
soils are deposited into American reservoirs
and aquatic systems each year, reducing
their flood-control benefits, clogging water-
ways, and increasing operating costs of wa-
ter treatment facilities (4). To maintain
navigable waterways, the United States an-
nually spends over $520 million to dredge
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s0il sediments from waterways {93).

Heavy sedimentation frequently leads to
river and lake flooding (2). For example,
some of the flooding that occurred in the
midwestern United States during the sum-
mer of 1993 was caused by increased sedi-
ment deposition in the Mississippi, Missou-
i, and other rivers located in the central
United Srates. The combined damage of

.the 1993 flood to crops and homes was

assessed by the government to be $20 bil-
lion (94}.

Wind erosion produces significanr off-
site damage and costs. 1t is estimated that
household property damage from the sand-
blasting of auromobiles, buildings, and
landscapes by blown soil parricles and
maintenance costs total over 34 billion per
year in the United Srates (95-97). In addi-
tion, the removal of accumulated soil from
public and private buildings, roads, and rail-
ways similatly results in costs of over $4
billion per year {95, 96).

An example of the magnitude of wind
erosion is found in New Mexico, where
about two-thirds of the land is used for agri-

Table 4. Damages by wind and water erosion anc
the cost of erosion prevention each year.

Cost
Type of damage {rniliions of
doltars)
Wind erosion”
Exterior paint 18.5
Landscaping 2,864.0
Automabiles 1348
interior, faunadny 986.0
Health 5,371.0%
Recreation 2232
Road mainterance 1.2
Cost to business 35
Cost ta irrigation and 0.1
conservation districts
Total wind erosion costs 9,632.5
Water erosiont
In-stream damage
Biological impacts No estimate
Recreational 2,440.0
Watar-storage facilities 841.8
Navigation 663.2
Other in-stream uses 1,088.0
Subtotal in-stream 5068348
Off-stream effects
Flood damages F3g.4
Water-conveyance facilities T244.0
Watter-treatment facilties #1220
Other off-stream uses # 876.0
Subtotal off-stream 2,318.0
Total water erosion costs 7.381.0
Tota! costs of wind and water 17,013.5§
erosion damage

Cost of erosion prevention)) 8,400
Totat costs (on and off-site)J 44,3599.C
Benefit/cost ratio 5.24 ‘
*(95-97, 126).  fHealth estimates are partly based on
Lave and Seskin {130). 193, 86, 87, 129). §Ag-

ricufture accounts for about two-thieds of the off-si
effects. ISee taxt.  qThe total on-site costs
calculated to be $27 bilion [see Tabie 3 and 1ext).



culture, including grazing. The total off-site
erosion costs in this state, including health
and property damage, are estimared to be
$465 million annually (95). If we assume
sirnilar erosion costs in the western Unired
Srares, the total off-site costs from wind ero-

sion alone could be as great as $9.6 billion

each year in the United States (Table 4).

Combined on-site and off-site effects. The
cost of all off-site environmental impacts of
U.S. soil ercsion, most of which is from
agriculture, is estimated to be about $17
biflion per year (1992 dollars) (Table 4}. An
additional yearly loss of $27 billion is attrib-
uted to reduced sotl productiviry. If off-site
and on-site costs are combined, the roral
cost of erosion from agriculture in the Unit-
ed Srates is about $44 billion per year {Table
4}, or about $100 per hecrare of cropland
and pasture. This erosion cost increases pro-
duction costs by about 25% each vear.

Of the 75 X 10° rons of soil eroded
warldwide each year {2}, about two-thirds
come from agricultural land. If we assume a
cost of 33 per ron of soil for nutrients (50),
$2 per ton for water loss (Table 2}, and $3
per ton for off-site impacts {Table 4}, this
massive soil toss costs the world abour $400
billion per year, or more than $70 per per-
son per year.

Erosion Control Technologies

Reliable and proven soil conservation tech-
nologies include ridge-planting, no-till cul-
tivation, crop rotations, strip cropping, grass
strips, mulches, living mulches, agrofor-
estry, terracing, contour planting, cover

Table 5. Annual soil loss (tons per hectare) by
crop and technology in 1he United States.

Sail
loss
Technology State tons
ha=")
Corn
Conventional, continucus (137) MO 47
Conventional, plow-disk (132) IN 47
Conventional, plow-disk (132) oW 27
Conventional, continuous {733} PA 20
Corrservation, rotation {733} PA 7
Conservation, contour (57) I 6
Conservation, no-till {134) M3 0.3
Soybeans
“sonventional {735) MS 36
Corggrvation, rotation (135) MS 9
Cansarvation, no-till {67) GA  0.02
Cotton
Conventional (136) MS 91
Conservation, no-tilt {736} MS 1.3
Wheat
Conventional (7137) Wwa 22
Censervation, muich (138} MS 1.7
Natural vegetation
Undisturbed grass (18) KS Q.07
Undisturbed forest (139) NH 002
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crops, and windbreaks (98). Although the
specific processes vary, all conmservation
methods reduce erosion rates by maintain-
ing a protecrive vegetative cover over the
sotl, which is often accompanied by a re-
duction in the frequency of plowing.
Ridge-planting, for example, reduces the
need for frequent tillage and also leaves
vegetarive cover on the soil suiface year
round, and crop rotations ensure that
some part of the land is continually cov-
ered with vegetation. Each conservation
method may be used separately or in com-
bination with other erosion-control tech-
niques. To derermine the most advanta-
geous combination of appropriate conser-
vation technelogies, the soil type, specific
crop or pasture, slope, and climate (rain-
fall and wind intensity), as well as the
sociceconomics of the people living in a
particular site must be considered.

The implementation of appropriate soil
and warer conservation practices has the
porential to reduce erosion rates from 2 to
1000-fold and water loss from 1.3 w 21.7-
fold (Tables 1 and 3). Conservation tech-
nologies also significantly reduce nutrient
loss, For example, when corn tesidue cover
was increased by 10, 30, and 50%, the
amount of nitrogen lost in surface runoff
was reduced by 68, 90, and 99%, respective-
Iy (99).

By substantially decreasing soil and nu-
trient loss, conservation technologies pre-
serve the soil’s fertiliry and enable the land
1o sustain higher crop yields. In many in-
stances, the use of conservation technolo-
gies may actually increase vyields (100).
Contour planting, for example, has in-
creased cotton vields by 25% (Texas), com
vields by 12.5% (Missouri), soybeans by
13% {1ltinois), and wheat by 17% (Itlinois)
{(101-103). Cn U.S. land with a 7% slope,
vields from cotton grown in roration in-
creased by 30%, and erosion was reduced by
nearly one-half (104). In areas where winds
are strong, the establishment of tree and
shrub shelterbelts helps reduce wind energy
by as much as 87% and thereby decreases
erosion by as much as 50% (50).

Conclusion

We estimate that it would take an invest-
ment of $6.4 billion per year ($40 per hect-
are for conservation) to reduce U.S. erosion
rates from about 17 tons ha™! year™ 0 a
sustainable rate of about 1 ton ha' year™
on most cropland. Te reduce erosion on
pasturetand, the Unired States would have
to spend an additional $2.0 billion per year
{35 per hectare for conservation) (30, 105-
107} (Table 4). The toral investment for
U.S. erosion controt would be aboutr $8.4
billion per yvear. Given that erosion causes
about $44 billion in damages each year, it
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would seem that a $8.4 billion investment is
a small price to pay: For every $1 invested,
$5.24 would be saved {Table 4). This small
investment would reduce U.S. agricultural
soil loss by aboutr 4 X 10° tons and help
protect our current and future food supply.

Currently, the Unired Srates spends $1.7
biftiors per vear in the Conservation Re-
serve Program ro remove highly erodible
land from production, and this saves about
584 X 10° tons of soil each year (108).
Therefore, in this system $2.91 is invested
to save 1 ton of soil, whereas in our pro-
posed conservation system, we assume a
cast of $2.10 per ton of soil saved.

When economic costs of soil loss and
degradation and off-site effects are conser-
vatively estimated into the costfbenefit
analyses of agriculture, it makes sound eco-
nomic sense ko invest in programs thar are
effective in the control of widespread ero-
sion. Human survival and prosperiry depend
on adequate supplies of food, land, warer,
energy, and biodiversity. Inferrile, poor-
quality land will not sustain food produc-
tion ac the levels required by the growing
world population. We should heed Presi-
dent Roosevelts {109} waming that “A
nation thar destroys its soils, destroys icself.”
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Erosion Study Finds High
Price for Forgotten Menace

T was Scarlett O'Hara in Gone With the Wind
who mused thar tand is “the only thing in the
world that tasts.” Scarlett (YHara never read
David Pimentel. On page 1117 of this issue,
the Comnell University scientist and his col-
leagues present the most comprehensive ef-
fort yer to add up the costs of soil erosion by
wind and water. Their bottom line is eve-
popping: $44 billion every year in direct
damage to agricultural lands and “indirect
damage” to waterways, infrastructure, and
health in the United States, and nearly $400
billion in damage worldwide. Not only does
land not fast, Pimenrel finds, but its de-
mise comes with a hefty price tag.

Pimentel's spectacular numbers are
drawing mixed reviews from agricul-
tural and economic researchers. “The
magnirudes are our of alignment with
what we have generally found to be the
case,” says John Stierna, an agricultural
economist at the U.S. Department of
Agriculture’s {USDA's) Natural Re-
sources Conservation Service. “Some of
his numbers are a factor of 2 o 3 wo
high.” But others say rhey are right on
the mark. “I think some folks who are
not familiar wich the soil-erosion litera-
ture are going to be a little surprised,”
says Marty Bender, an agronomust at the
Land Instirute in Salina, Kansas, which
studies innavative farming techniques. “Bur
the data is there.”

And the message could have some rever-
berations in Washington. The 1985 Food
Security Acr, which requires farmers to fol-
low conservation guidelines such as contour
farming and reduced tillage or risk losing fed-
eral subsidies, is now up for renewal, and
sources close to the Senate Agriculture
Committee predict intense pressure to roll
back the law’s environmental provisions. If
the Cormnell group’s dire assessment of the
costs of erosion is accepred, say these sources,
it could be a powerful argument in favor of
preserving the anti-erosion requirements.

It's easy to pet complacent about erosion,
notes Pimentel; the Dust Bowl, after all, is a
fading memory, and modern farming tech-
niques have greatly reduced the kind of
erosion that corrugates a field with rills and
gullies. But as early as 1929, just before the
Dust Bowl, USDA soil scientist Hugh Ham-
mond Bennert realized that the most devas-
tating form of erosion is the least obvious:
Wind and tain can strip away soil in exten-
sive sheets, leaving little visible evidence of
the damage.

108t

Sheer erosion tends to be worse on large
tields that have few windbreaks or nartural
butfers 1o prevent seil from washing off, says
Pimentel, and some recent practices, like
plowing up grassed strips at the edges of fields
1o accommodate larger machinery, may have
increased ir. In a night of heavy rain, the
process can strip 3 or 6 tons of soil from an
acre of cropland. “That’s one millimeter of
suil flusid, and if vou walk our the next morn-
ing, vou wouldn't know it,” he says. “Erosion
is one of these things that nickels and dimes
vou fodearh.”

inputs, and few researchers have tried to
tease it out.

Pimentel and his colleagues worked
arcund this problem by locking instead at
the phvsical toll that erosion takes on crop-
lands. Based on estimates of how much nutri-
ent-rich soil organic marter is eroded each
year, the team tried to estimate the market
value of those lost nutrients—the cost of
replacing them with fertilizers—and came
up with a figure of $20 billion a year. They
also rook into account the loss of soil depth
and soil biota such as insects and earth-
worms. Together with the loss of organic
marrer, these reduce the soil’s ability to take
in water, increasing the need for irrigation or
reducing crop vields.

When the Comell group added in these
losses, the wotal on-site cost of erosion
reached 327 hillion a year in the United
States. Perhaps more alarming, Pimentel's
ream found that the loss of nutrients

e T - G =

Down the drain. The most devastating forms of soii eresion
are less obvious. however.

Pimenrel’s team tatted up those nickels
and Jimes by Jrawing on Jorens of indi-
viduad studics published ever the tast several
Jecades. Many of them esumate damage
Jone far from the site of the erosion. Ero-
sion by warer leads to billions of dollars in
costs when rivers, canals, lakes, and reser-
voirs become clogeed with sediment or pol-
luted with the fertilizers and pesticides that
cling o the soil particles. Heavily sediment-
ed rivers also increase the severity of floods—
some researchers, for example, think sileed
river channels exacerbated the 1993 Mid-
west flonding. Wind erosion takes a toll on
paints and mechanical equipment, buries
roads and railwavs, and contributes to respi-
ratory ailments.

Estitnating the cost of on-site damage is
“rrickier,” says Richard Harwood, a professor
of sustainable agriculture at Michigan State
University—and it’s also the focus of most of
the controversy. These costs are elusive, he
savs, hecause the foss of productive potential
Jue o erosion can be masked for a rime by
increased inpurs of fertilizer, irrigation, and
higher viclding plant varieties. The price ex-
acted by erosion s hidden i the cost of these
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|2 and water retention drives a startling
4z dechne in productive potential. They
- found that moderate erosion, sustained
> for 20 vears. can teduce the potential
vield of good agriculrural land by 20%.

Pirnentel's accounting hasn’t con-
vinced evervone. “If there are two dif-
ferent values, he almost always goes
with the big one,” says Frederick
Troeh. a soil scientist at Iowa State
Universitv. Other critics dispute the
320 billion figure for nutrient losses on
the grounds that, in rich soils, crops
consume only a fraction of the avail-
able nutrients each year, so the losses
have lirtle immediate effect. Pimentel
replies that a loss is a loss, even if it
comes out of long-term savings. “This stuff is
oone Jown the Mississippi or the Missouri
River.” he says. “It’s never going to be avail-
ahle-—ever.”

Erosion's toll might be higher still, says
Rattan Lal, a soil scientist at Ohio State
Uiniversity in Columbus, if not for federal
programs such as the soil-conservation pro-
visions of the 1985 Food Security Act and
the Conservation Reserve Program. But
Pimentel and his colleagues say these steps
fali short of what is needed. They calculate
that an investment of 19 cents in new con-
servation measures for every dollar of damage
would be required 1o bring soil erosion under
control in the United States—a propserd
annual outlay of $8.4 bitlion.

In the cost-cutting environment of Wash-
ingron, that proposal has lirtle chance of ger-
ting & hearing. But even those who disagree
with Pimentel's numbers hope his broader
message won't be ignored in the upcoming
debate. “There are specific [numbers] to
quibble about,” says Troeh. “But the overal
conclusion that erosion is a threat and is
often ignored—I1 very much agree with that.”
—James Glanz
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LETIERS

Soil Erosion Estimates and Costs

In their article “Environmental and eco-
nomic costs of soil erosion and conservation
benefits,” David Pimentel et al. (Articles,
24 Feb., p. 1117} assert thar soil erosion isa
major threat to the sustainability of agricul-
ture all around the world and more specif-
ically in the United States. In the source
(1) they cite ro support their introductory
statement, Lal and Stewart {2) state that
annual global erosion is about 36 billion
tons, 10 billion attributable to natural caus-
es and 26 billion to human activity. Lal and
Stewart, in turn, cite a paper by Brown (3)
as source for the 26-ton figure. In a review
of Brown’s work, I found (4) that his esti-
mate of global erosion is based mainly on
erosion estimates in the
United States and on an
extrapolation of the U.S.
experience to the rest of
the world. 1 did not and
do not claim that Brown’s
estimate is wrong but the
estimate rests on such
thin underpinnings that it
cannot be raken seriously.

Until the publication
of work by Dregne and
Chou (5) and Oldeman et
al. (6) in the eatly 1990s,
none of whom are cited by
Pimentel et ai., there were
no reliable estimates of
how much erosion is oc-
curring around the world,
let alone its productivity
consequences (2, 7-9).
The scudy by Dregne and Chou (3) deals
with global degradation of rainfed eropland,
irrigated land, and rangeland in dry areas,

meaning arid, semi-arid, and dry subhumid

climatic zones, Dregne and Chou classified
these lands as slightly degraded (0 o 10%
loss of productivity), moderately degraded
(10 o 25% loss), severely degraded {25 1o
50% loss), and very severely degraded
(greater than 50% loss). I used their data
{5} to calculate a weighted average depra-
dation-induced loss of productiviry of 11%.
This is the cumulative loss over same period
of time, which Dregne and Chou do not
indicate. But for most of this land the peri-
od must be not less than several decades.
The annual rate of productivity loss, there-
fore, would be less than 0.5%.

Oldeman et ol. (6} found 1.965 billion
hectares of degraded land around the world,

SCIENCE » WVOL.269 = 28 JULY 1995

Soil erosion. Corn fisld in Missouriin
1984 shows effects of cultivation.

85% of it attributable to water and wind
erosion. Thirty-eight percent of the degrad.
ed land was lightly degraded, 48% was mod-
erately degraded, and 14% was strongly (or
extremely} degraded. Oldeman et al. did not
assign percentages of productivity loss to
their degree-of-degradation categories. | as-
sumed that the percentages correspond to
those in the study by Dregne and Chou (5),
thar is, lightly degraded land has lost O to
10% of its productivity, and so on; 1 used
the data from the study by Oldeman et dl. to
calculate a weighted average loss of 17%.
The estimates of Oldeman et al. specifically
refer to human-induced land degradation
thar occurred between the end of World
War Il and about 1990. The cumulative
productivity loss of 17% over this 45 vears
implies an average annual
loss of 0.4%.

Pimentel ¢t al. cite a
paper by Speth (10) as the
source for the statement
that “About 80% of the
world’s agricultural land
suffers moderate to severe
erosion, and 10% suffers
slight to moderate ero-
sion.” However, Qldeman
et al. {6) show that on a
global scale about 1.03 bil-
lion hectares of agricultur-
al land have suffered mod-
erate-to-sttong  degrada-
tion because of wind and
water erosion. This is less
than 25% of the toughly
4.5 billion hectares of land
in erops, pasture, and range
around the world, and well under a thixd of
the 80% figure given by Pimente! et al.

Pimentel et al. cite a paper by Barrow
(11} for their assertion that soil erosion
rates are highest in Asia, South America,
and Africa, averaging 30 to 40 tons per
hectare per year. Barrow states (11, p. 209)
that the estimates he discusses are crude
and that it “probably would be wise to wait
until the publication of the GLASOD
[Global Assessment of Soil Degradation]
maps, sometime after 1990, before trying to
get an accurate overview of soil erosion.”
The GLASOUD maps are those prepared by
Oldeman et al., published in 1990 (6).

Pimentel et al. state that over the last 200
years 100 million hectares {about 30%) of
U.S. farmland has been abandoned because
of ercsion, salinizarion, and waterlogging
and cite the U.S. Department of Agricultyre
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(USDA) (12), Bennett
{13}, and Pimentel et al.
{14). In a close reading of
the USDA report (12), 1
found nothing about deg-
radation of U.S. land over
the last 200 years, and the
Bennett citation is a 1939
publication.

Pimentel et al. cite the
USDA (12) as the source
for the statement that the
combined effect of water
and wind erosion moves
an average of 17 tons per
hectare per year from U.S.
croplands, which figure
they then use in cost esti-
mates. Successive USDA
surveys {15} provide more
accurate estimates of crop-
land erosion for 1982, 1987, and 1992. Pi-
mentel et al. do not reference the updated
surveys which show that the 1992 rate was
13 tons per hectare per year, almost 25% less
than originally reported (12).

Pimentel er al. state that they have “de-
veloped empirical models that incorporate
the numerous factots affecting both erosion
rates and soil productivity.” However, the
models are not presented, so the reader is

Water erosion. Farm field washing
away in Harper County, Kansas, in
1984,

unable to evaluate them.
We are told that the mod-
els are based on numerical
assumptions about rain-
fall, soil depth, gype and
slope of soil, percent of
soil organic matter, and
an annual erosion rate of
17 tons per hectare per
year. No sources are given
for any of these numbers,
although the last evident-
ly is from (12} and hence
is for 1982. The numbers,
and presumably the un-
specified models, are used
to estimate the annual on-
farm per hectare econom-
ic costs of losses of soil and
water resulting from ero-
sion of 17 tons per hectare
per year on conventionally tilled land in
eom, over a 20-year period {Pimentel 2t al's
table 2}. This estimate is then mulciplied by
160 million hectares, said 1o be the total
amount of cropland in the country, to get an
estimate of the annual nationwide on-farm
economic costs of cropland erosion. This
estimate is $27 billion per year, although the
per hectare estimate of on-farm costs of $146
(Pimentel et al’s table 2}, when multiplied

LARRY MILLEA/PHCTO RESEARCHERS

by 160 million hectares, gives a total cost of
$23 billion (not $27 billion).

These procedures, the numbers used,
and the results obtained prompt several
questions and comments.

1} Why should the assumed conditions
with respect to precipitation, scil type,
slope, depth, and percent organic matter be
representative of cropland in the country as
a whole? These conditions are highly vari-
able across regions.

2) How was the $100 per hectare cost of
nutrient replacement estimated (Pimentel et
al’s table 2)7 A source is cited for the losses
of nutrients in terms of kilograms, but no
information is given about how these losses
were valued. The issue is of major impor-
tance because nutrient losses account for
two-thirds of the total on-farm economic
costs. Multiplying average 1992 prices for
anhydrous ammonia, the most common form
of nitrogen fertilizer, superphosphate (44 to
46% phosphate), and potassiwen chloride
{60% potassium) (16, p. 27) by the quanti-
ties of lost nutrients shown by Pimentel et al.
{Pimentel et al.’s table 3) gives an estimate of
plant-available nutrient [osses of about $23
per hectare. Even if the cost is measured by
total nutrient losses, that is, by counting
nutrients not available to support plant
growth in any given year, the total per hect-

are cost of nutrient losses comes to only
about $75, still well below $100.

3) What are we to make of the cost of
the erosion-induced losses of water {Pimen-
tel et al’s table 2)? At $30 per hectare per
vear, this cost is 20% of total on-farm costs,
A note in that table says that it is the cost of
supplying groundwater for imigation to re-
place erosion-induced losses of water from
precipitation: “if rainfall were abundant,
then this replacement cost would not be
necessary.” In the main crop-producing ar-
eas of the country east of the Great Plains,
rainfall is generally adequate to maintain
current yields, as indicated by the scant use
of irrigation. In those areas the cost of re-
placing erosion-induced losses of water, as
estimated by Pimentel et al., should be zero.
Pimentel et al. acknowledge this problem,
but include the estimated cost of water losses
in their calculation of nationwide costs.

Other studies show much lower on-farm
costs of soil erosion in the United States
than Pimentel et al. do. One such study is
based on the Erosion Productivity Impact
Cateulator (EPIC) model developed by
USDA soil scientists (12). EPIC simulates
the productivity effects of soil erosion on
soil characteristics and processes, including
losses of soil nutrients, water-holding capac-
ity, and acidity {(pH}. In {12), the estirnate

with EPIC showed the average annual gross
on-farm costs of 100 years of cropland ero-
sion in the United States at 1982 rates to be
$252 million. In another study (17), I used
results from the Productivity Index model,
developed by soil scientists at the Univer-
sity of Minnesota (18), to estimate the an-
nual gross cost of erosion-induced on-farm
losses of productivity in the United States
to be $500 million to $600 million.

The present rate of cropland erosion in
the United States is probably close to 13
tons per hectare per year, not 17. Pimentel
et al. have greatly overestimated the on-
farm per hectare costs of replacing nutrients
and water. Their estimate of the nationwide
on-farm costs of cropland erosion appears to
be greatly overstated, even if their proce-
dures and assumptions are accepted.

Pierre Crosson

Resources for the Future,
1616 P Street, NW/,
Washington, DC 20036, USA
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Response: Crosson indicates that the estimate
of 75 hillion metric tons per vear of world
soil lost to erosion, worldwide, is too high
(1). The estimnated soil loss in the United
States is nearly 4 billion tons per year on
nonfederal land (2) plus an estimated 0.5
billion tons on federal lands. The United
States has about 11% of the world's arable

land and approximately the same percentage
of pasture land (3}. Therefore, assuming that
the rest of the world suffers similar rates of

erosion, the total global soil loss would be

approximately 40 billion tons per year. How-
ever, as pointed out in our teport, soil erosion

rates in Asia, Africa, and South America are
about double those of the United States (4,
5). Taking these higher rates of erosion into

consideration, the estimated 75 billion tons

per vear of eroded soil seems reasonable.
The estimate that 80% of the world’s
agriculrural land suffers from moderate to

severe s0il degradation (6} is consistent

with severa] other investigations (4, 5}.
Bennett (7} in 1939 reported that about

80 million hectares of cropland either had
beent ruined, severely damaged, or had lost
one-half of all topsoil. Since 1939, U.5.
agriculturat land has continued to erode and
be lost to production (8). Our estimate, that
100 million hectares (about 30%)} of U.S.
farmland has been abandoned, is conserva-
tive. Lal (9} reports chat an escimated 2.0
billion hectares of once productive agricul-
tural land has been degraded or destroyed
during the history of agriculture worldwide.
Agricultural land continues to be degraded
and abandoned because of erosion and is
resulting in the rapid and continued spread
of agriculture into world forest-lands (10).
We did not see the latest USDA (I])
survey that was published in 1994 on saoil
erosion because our paper was submitted dur-

ing the summer of 1994. We are delighred to
know that during the past 10 years soil ero-
sion on cropland has declined by 25%. How-

ever, the current erosion rate of 13 tons per
hecrare per year is still 13 times above the

soil sustainability rate, Also, the rates of soil
erosion on pastures and rangelands in the

survey did not decline and remain a serious
threat 1o these agricultural lands (11).
Crosson states that rainfall east of the
Great Plains, including the “corn belt,” is
adequate for com production. However, ad-
equate rainfall is not the same as optimum.

Com production even in the com belt usually
suffers from water shortages during the sum-
mer growing season {12). Thus, the increased
water loss associated with soil erosion has a
negative impact on com yields.

We stated in our article explicitly how
the $27-billion-per-year estimated nation-
wide on-farm economic cost of cropland
erosion was calculated. This was based on a
$20 billion replacement value for soil nutri-
ents (8) and $7 billion for Toss of water and
reduced soil depth. We srated in detail the
assumptions and documented the sources for
the field experimental data used in our ta-
bles 2 and 3. We agree with Crosson that
soil type, precipitation, slope, soil depth,
organic matter, and soil biota vary from field
to field and region to region and all have an
effect on erosion and crop preductivity. This
is the reason that we carefully stated the
conditions and assumptions for the assess-
ments included in our tables 2 and 3.

Crosson indicates that the $27 billion
on-farm economic costs that we estimated
are too high. In his earlier paper (13), he
estimated that the total annual cost of lost
nutrients was $500 million for U.S. agricul-
ture. This is in stark contrast to the $18
billion for 1980 {14} and $20 billion for
1991 (8) estimates of soil nutrient losses
reported by several soil scientists ar lowa

State University. In his letter, he has re-
duced the annual costs of nutrient and oth-
er erosion-caused losses to $100 wo $120
million. Also, contrary to Crosson’s models,
a recent model study reports (15} that the
annual economic costs of erosion on only
10 crops is a total of $2.1 billion, much
greater than the $100 to $120 million for all
crops, suggested by Crosson.

The major reason for differences be-
tween Crosson's and our assessment is that
he generally relies on models to develop his
results whereas we use data from field exper-
iments of soil scientists for our assessment.
Follet and Stewart (16) highlighted this
type of controversy, and the results and
conclusions between the two groups dif-
fered preatly. We believe that models are
important, but feel confident that the re-
sults from models cannor substitete for data
from field experiments.

We assessed the impact of erosion on
reduced soil depth, loss of nutrients, loss of
water, and on the important factors of soil
organic matter and soil biota as well. The
holistic assessment, we believe, provides a
sound, realistic assessment of the environ-
mental and economic costs of soil erosion.

David Pimentel
C. Harvey
P. Resosudarmo

K. Sinclair

D, Kury

M. McNair

§. Crist

L. Shpritz

L. Fitton

R. Saffouri

R. Blair

College of Agriculture and Life Sciences,
Cornell University,

Ithaca, NY 14853-0901, USA
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Corrections and Clarifications

In the Research News article “Extreme ultravio-

let sarellites open new view of the sky” by
Donald Goldsmith (14 Apr., p. 202), astron-
omer Stuatt Bowyer was incorrectly identified
as the director of the University of California,
Berkeley’s Center for Extreme Ulrraviolet As-
tronomy. Bowyer was the founding director of
the center and was succeeded by Roger Ma-
lina, who became acting director in 1994 and
is now director. Malina is, with Bowyer, a
principal investigator of the National Aero-
nautics and Space Administration’s EUVE
{Extrerne Ulrravioler Explorer) mission.





