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Published studies relating erosion and productivity have been generally
based on information derived from expert opinion on the extent and severity
of soil erosion and on limited data on its impact on soil productivity, resulting
in widely varying yield and economic loss estimates. In contrast, this report
estimates the impact of soil erosion on productivity by collating,
synthesizing and comparing the results from published site-specific soil
erosion-productivity experiments at a global scale. Using crop yield as a
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proxy measure for soil productivity, this analysis uses the data from 179 plot-
level studies from 37 countries identified in the soil science literature to
calculate absolute and relative yield losses per Mg or cm of soil erosion for
various crops, aggregated by continent and soil order. The results show that
effects of past erosion on yields differ greatly by crop, continent and soil
order. However, aggregated across soils on the continental level, absolute
differences in productivity declines Mg ™' of soil erosion are fairly small.
However, depending on the specific crop and soil, relative erosion-induced
yield losses Mg ™! or cm ™! of soil erosion were two to six times smaller in
North America and Europe than in Africa, Asia, Australia and Latin
America. The higher losses in the latter continents are due primarily to much
lower average yields, so that with identical amounts of erosion, yields decline
more rapidly in relative terms. Studies using management practices as their
experimental method to determine effects of present erosion showed much
greater absolute and relative yield losses, which may be an artefact of the
combined effect of erosion and variable management practices. Comparing
the results of past and present erosion studies indicates that inappropriate soil
management may amplify the effect of erosion on productivity by one or
several orders of magnitude. Good soil management for effective erosion
control and maintaining productivity, therefore, is imperative to meet the
needs of the world’s present and future population. © 2004 Academic Press.

I. INTRODUCTION

Soil, a basic resource on which all life depends (Perrens and Trustum, 1984), is
degrading in many parts of the world. One of the main processes of soil
degradation is accelerated erosion. Erosion is a natural process that has occurred
for as long as the earth has been in existence (Larson et al., 1983). Some of the
most productive soils in the world (e.g., loess and alluvial soils) are the result of
erosional processes. However, human activities have accelerated the naturally
occurring rates of erosion (Davis and Browne, 1996). Erosion is both the most
visible and the most widespread form of soil degradation. Quantitative,
objectively measured data on the dimension and extent of soil erosion are,
however, scarce and are still typically lacking in many regions of the world
(Erenstein, 1999). Brown (1984) estimated global soil loss to erosion to be
26 billion Mg yr~ ! (an average of 16 Mgha ' yr™'). Lal and Stewart (1995),
Oldeman (1994), and Scherr (1999) estimated that 5—12 million hectares of land
(0.3-0.8% of the world’s arable area) are rendered unsuitable for agriculture
each year due to different forms of soil degradation. In the first attempt to assess
the status of soil degradation on a global scale (GLASOD), Oldeman ef al. (1991)
compiled the opinions of soil experts around the world to create a map of the
extent, nature, and severity of human-induced soil degradation. They concluded
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that human-induced soil degradation has affected nearly 2 billion hectares, or
15% of the earth’s total land area since the middle of the twentieth century. Water
or wind erosion accounted for about 84% of this area (1094 and 548 million
hectares, respectively) (Oldeman, 1994). Fig. 1 provides an overview of the
distribution of eroded land areas by continent, and of the extent of soil erosion as
a percentage of the total area of degraded soil.

Most researchers agree that erosion is a serious problem. There is less
agreement with regard to its onsite effect on agricultural production and soil
productivity (van Baren and Oldeman, 1998). Productivity can be defined and
measured in many ways, such as output per unit of land, labor or other input(s). In
the context of soil productivity, it is the productive potential of the soil system
that allows the accumulation of solar energy as biomass (Stocking, 1984).
Production is the total accumulation of energy, irrespective of how quickly, over
what area or with what input it accumulates. Agronomic yield or output per unit
area over a given time period, is a measure of production which can be used as an
indicator of productivity. However, it is an imperfect indicator as yield is an
expression of historical production, whereas productivity is a measure of
potential (future) production (Tengberg and Stocking, 1997). Dregne (1995)
observed that production (i.e., total biomass) can remain constant or even
increase as the soil progressively degrades. Stocking (1994) observed that crop
yields may increase even though soil degradation may reduce long-term
productivity, causing a loss to future economic returns to production.

Oldeman et al. (1991) estimated that “strong” or “extreme” erosion accounted
for about 16% of the eroded area (and about 2% of the world’s total land area),
but no estimates of impact on productivity were provided. In a separate study,
Dregne and Chou (1992) estimated productivity losses due to land degradation on
cropland and rangeland in dry areas. Using the range of losses in Dregne and
Chou, Crosson (1995) estimated total productivity losses in these areas at about
12%, or approximately 0.3% annually if assumed to occur over a 40-year period
(as in Oldeman et al., 1991). Thus, despite millions of dollars invested in erosion
research, it is difficult to state precisely what effect the loss of a unit of soil has on
crop yield (Lal, 1987a). This is due in part, as Perrens and Trustum (1984) and
Erenstein (1999) observed, to the fact that there is no direct, clear-cut relationship
between erosion and productivity, making the assessment of the impact of
erosion on productivity difficult. Productivity decline may not relate directly to
the amount of soil loss (expressed in Mg or cm ha™' yr™ "), but may be a result of
erosion-induced changes in the physical, chemical, and biological qualities of soil
that influence production (e.g., water holding capacity, soil organic matter (SOM)
and nutrient contents, and bulk density). Moreover, soil is only one of the factors
affecting productivity, as crop yield is a function of many variables (Perrens and
Trustum, 1984; Lal, 1987a; Rabbinge and van Ittersum, 1994; Erenstein, 1999).
Productivity reflects soil erosion if either yield declines with progressive severity
of erosion or input use increases to compensate for erosion-caused declines in soil
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Figure 1 Global extent of soil erosion (in Mha and as a percentage of total degraded land) by
continent (based on data from Oldeman, 1994).

quality (ERS, 1997). However, soils of poor physical quality (as measured by
erosion and erosion-induced changes in texture, water holding capacity, or
organic matter, etc.) may produce high yields without large increases in inputs
(Vesterby and Krupa, 1993). Soil erosion rates by themselves are, therefore, poor
indicators of the loss in productivity (Larson et al., 1983).

Much of the debate to date is based on information derived from expert
opinion on the extent and severity of soil degradation, and on limited
information on its effects on productivity. Few studies have systematically
analyzed the data from field experiments relating erosion and productivity.
Advances in spatially referenced data and analytical methods permit evaluation
of these data more closely, and to draw inferences pertinent to large spatial
scales.

This report complements a previous review on soil erosion and productivity
for North America (den Biggelaar et al., 2001). Its objective is to estimate the
impact of soil erosion on productivity by collating, synthesizing and comparing
the results from published site-specific soil erosion—productivity experiments on
a global scale. The present chapter includes the results from the North American
erosion—productivity review to provide a comparative perspective of the impact
of erosion in different continents. In accord with most studies reviewed,
differential topsoil depth (TSD, in cm) and erosion-induced soil loss (in Mg) are
used as independent variables. Crop yield was used as the indicator of soil
productivity. This analysis uses the available data to calculate absolute and
relative yield losses per megaram (Mg) of soil erosion for various crops,



GLOBAL IMPACT OF SOIL EROSION 1 5

aggregated by continent and soil order. This information is then used to make
soil-based, continent-level assessments of the impact of soil erosion on crop
yields and total production over time. The results of this additional analysis will
be presented in a companion chapter (den Biggelaar et al., this volume).

II. DATA SOURCES AND ANALYSES

A. DATA SOURCES

This review is limited to studies based on field research on soil erosion—
productivity that reported quantitative yield results (e.g., bushels per acre, tons
per acre, or megagrams (Mg) or kilograms (kg) per hectare (ha)). Studies which
reported results only as a percentage decline in yield without specifying those
yields were excluded. Also excluded were studies based on simulation models or
regression analysis, unless they included data from field studies that were used to
develop or test the models. Based on concerns articulated by Boardman (1998)
about the “misinterpretation and uncritical use of original field data” in studies
using secondary data, and the extrapolation of such data across soils and to all
crops, this analysis is based on original studies conducted to determine crop- and
soil-specific erosion-induced productivity declines.

Information on the area of soil orders by continent was obtained from the
Global Soil Regions’ map of NRCS’s World Soil Resources Staff (1997). For
the United States, soil series information was translated into the soil subgroup of
the US Soil Taxonomy using the USDA-NRCS Soil Survey Division’s Official
Soil Series Descriptions on the Internet (Soil Survey Staff, 1999). Soils in other
countries are often classified using a different classification system. In some
articles and reports, soil classification in either the FAO or US Taxonomy was
provided in addition to the local classification. Nomenclature based on the FAO
soil classification was converted to the US Taxonomy equivalent using the
comparative system provided by Landon (1984). In studies in which only a local
classification was provided, the soil order and/or subgroup were derived from the
Global Soil Regions’ map (World Soil Resources Staff, 1997) based on the
approximate location of the experiments.

Latitude and longitude information for the location of the experiments, if not
provided in the articles and reports, was obtained from the USGS (2000)
Geographic Names database and Natural Resources Canada (1995) Geographic
Names of Canada for locations in North America, and from the Getty Thesaurus
of Geographic Names (Getty Research Institute, 2000) or the GEOnet Names
Server (NIMA, 2000) for experiments elsewhere.
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B. DATA ANALYSIS AND INTERPRETATION

An Access database was developed to enter the information from the studies
identified in the literature. As several studies comprised and reported on
experimental results from more than one soil series, a separate record was created
for each at the soil subgroup level. The database resulted in a total of 329 separate
records, covering 161 soil subgroups from 37 countries (Table I). A total of
38 crops were used in these studies; crop information (i.e., type, yield, and
erosion-induced yield loss), together with information on input use (if any), were
entered as a nested table within each record. Some studies used differential input
levels (such as fertilizers or irrigation) as subplots of the main erosion plots; the
various crop-input combinations used in the studies resulted in 572 separate
entries nested within the 329 records.

The yields reported in the literature were used to calculate absolute and
relative mean yield decreases per centimeter or metric ton (Mg) of erosion-
induced soil loss. For ease of calculation and comparison of the various studies,
we assumed linear yield declines; even though, in most cases, observed yield
declines were not linear. For studies using topsoil removal/addition and TSD as
experimental methods, actual TSD values were used. To calculate yield impact
per centimeter of soil loss in studies using soil phases as the experimental
method, we assumed a difference of 7.5 cm between severely and moderately,
and moderately and slightly eroded phases, and a difference of 10 cm between
slightly eroded and depositional phases (Soil Survey Staff, 1999). Standard
conversion factors employed for the US Census of Agriculture (NASS, 1999)
were used for weights, measures and yields of various commodities.

Yield declines have generally been calculated using uneroded or slightly
eroded phases as a reference, which may not be representative of farmers’
conditions that consist of a range of soil depths or phases within one field. We
therefore used the mean yields across all experimental plots as the reference yield
from which to calculate erosion-induced yield declines. It would be more correct
to use the mean yield for the various crops obtained under farmer management
for the areas where the experiments were implemented, but such information is
not available in the desired format (i.e., disaggregated by country, year, and soil
order or subgroup).

C. LOCATION OF, AND METHODS EMPLOYED IN,
THE EROSION-PRODUCTIVITY STUDIES

From a review of the literature, 179 field-based studies on soil erosion and
productivity were identified. The studies are not evenly dispersed over the world,
however, as shown in Fig. 2 in which the locations of the various experiments are
overlaid on a map of soil orders. The majority of studies (59%) were carried out



Table I

Soil Orders, Subgroups and Crops Represented in the Studies Reviewed by Continent

Continent (countries represented) Soil order No. of records No. of soil subgroups Crops”

Africa (Benin, Botswana, Burkina Faso, Alfisols 30 13 Beans, cassava, cotton, cowpeas, forage,
Cameroon, Egypt, Ethiopia, Ghana, Kenya, maize, millet, pearl millet, peanuts
Niger, Nigeria, Sierra Leone, Tanzania, Aridisols 2 1 Barley
Zimbabwe) Entisols 1 1 Maize

Inceptisols 4 1 Cotton, maize
Oxisols 7 4 Cowpeas, maize
Ultisols 9 5 Cowpeas, maize

Asia (China, India, Indonesia, Pakistan, Alfisols 4 3 Cassava, maize, millet, mungbeans

Philippines, Sri Lanka, Thailand) Aridisols 2 1 Maize, wheat
Inceptisols 5 5 Barley, cabbage, chickpeas, maize, mustard,

potatoes, soybeans, wheat
Oxisols 1 1 Soybeans
Ultisols 2 2 Maize, tea
Vertisols 2 2 Soybeans
Australia (Australia) Alfisols 10 7 Barley, pasture, wheat

Aridisols 4 2 Potatoes, wheat
Ultisols 1 1 Oats, potatoes
Vertisols 5 5 Wheat

(continued)
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Table I (continued)

Continent (countries represented) Soil order No. of records No. of soil subgroups Crops”
Europe (Bulgaria, Germany, Hungary, Russia, Alfisols 3 3 Potato, rye, triticale, wheat, maize
Serbia, United Kingdom, Ukraine) Entisols 1 1 Barley, wheat
Inceptisols 5 5 Barley, maize
Mollisols 10 6 Barley, millet, mustard, potatoes, rye,
sunflower, sw. lupin, sw. sorghum,
soybeans, wheat
Latin America (Argentina, Brazil, Colombia, Alfisols 2 2 Maize
Mexico, Peru, Trinidad, Venezuela) Entisols 6 5 Beans, carrots, cowpeas, maize, potatoes
Inceptisols 8 5 Beans, carrots, cassava, maize, potatoes
Mollisols 2 2 Maize, soybeans, wheat
Oxisols 6 5 Beans, maize, soybeans, wheat
Ultisols 4 4 Cowpeas, crotolaria, maize
North America (Canada, United States) Alfisols 71 22 Beans, barley, hay, maize, oats,
soybeans, wheat
Aridisols 2 1 Alfalfa, barley, beans, maize, potatoes,
sugar beets, wheat
Entisols 2 2 Maize, soybeans
Inceptisols 4 4 Grapes, potatoes, maize, soybeans
Mollisols 93 34 Alfalfa, crested wheatgrass, maize, oats,

Russian wildrye Sorghum, soybeans,
Sudan grass, wheat
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Oxisols 1 1 Maize

Spodosols 2 2 Potatoes

Ultisols 22 9 Cotton, maize, oats, sorghum, soybeans,
vetch

World (37 countries) Alfisols 120 48 Crops listed above

Aridisols 10 5

Entisols 10 9

Inceptisols 26 21

Mollisols 105 41

Oxisols 15 10

Spodosols 2 2

Ultisols 38 18

Vertisols 7 7

“Alfalfa = Medicago spp.; beans = Phaseolus vulgaris; barley = Hordeum vulgare; cabbage = Brassica oleracea spp.; carrot = Daucus carpta; cassava =
Manihot esculentum; chickpeas = Cicer arietinum; cotton = Gossypium hirsutum; cowpeas = Vigna ungiculata; crested wheatgrass = Agropyron cristatum;
crotolaria = Crotolaria juncea; grapes = Vitis vinifera; maize = Zea mays; millet = Panicum miliaceum; mungbeans = Phaseolus aureus; mustard = Brassica
spp.; oats = Avena sativa; peanuts = Arachis hypogea; pearl millet = Pennisetum glaucum; potato = Solanum tuberosum; Russian wildrye = Psathyrostachys
Jjuncea; rye = Secale cereale; soybeans = Glycine max; sugar beet = Beta vulgaris; Sudan sorghum = Sorghum saccharatum; tea = Camellia sinensis;
triticale = Triticosecale spp.; vetch = Vicia sativa; sorghum = Sorghum bicolor; wheat = Triticum aestivum.
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Table 2a
Number of Records in the Database by Experimental Methods Used in the Studies

Experimental method No. (%) of records
Erosion phases 116 (35%)
Topsoil removal and addition 98 (30%)
Topsoil depth 61 (18%)
Management practices 38 (12%)
Depth of fragipan 14 (4%)

Soil survey 2 (1%)

Total 329 (100%)

in North America (i.e., the United States and Canada), with a secondary
concentration of studies in Australia and Brazil.

Mollisols and Alfisols are the most frequently studied soils, followed by
Ultisols and Inceptisols (Fig. 2 and Table II). In the United States and Canada,
erosion—productivity studies have been carried out primarily on Alfisols and
Mollisols, reflecting the importance of these soils for crop production in North
America (den Biggelaar et al., 2001).

The investigation of yield differences on differentially eroded soil phases was
the most commonly used method to determine the effect of erosion. This method
was used in 35% of the cases, followed by topsoil removal and addition (29%) and
TSD (18%). Depth to fragipan was used in 4% of the studies, whereas soil surveys
were used in two studies. Variable management practices (notably tillage,
terracing, and contour planting) were used in 37 cases. Experiments using erosion
phases, topsoil removal and addition, TSD and depth to fragipan measure the effect
of past erosion on crop yields, whereas experiments using variable management
practices provide an indication of the effects of present erosion rates on crop yields.
However, observed yield differences may not only be due to differential rates of
erosion associated with different management practices, but also an artifact of the
management systems. The results of studies using this method are, therefore, not
comparable with those assessing the effects of past erosion. The results of studies
investigating the effect on crop yields of past and present erosion will, therefore, be
presented separately in this chapter for comparative purposes.

III. ASSUMPTIONS

A. YIELD AS A MEASURE OF PRODUCTIVITY

As erosion reduces a soil’s capacity to produce biomass, productivity is
usually expressed in terms of crop yield or output per unit area over a given
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time period (NSE-SPRPC, 1981). Yield data are the way that farmers, policy
makers, and the public typically consider agricultural production, and are
also a basic measure of productivity in agricultural experiments (Tomlin and
Umphrey, 1996). Crop yields are, therefore, used as the measure of
productivity in this review.

B. MEtAN YIELD DECLINE

The results of the studies must be compared cautiously, as they cover a variety
of crops, soils, time periods, management practices, and experimental methods
(Boardman, 1998). The effects of erosion may also vary from year to year due to
fluctuations in climate and other non-controlled variables, so that long-term
degradative effects are not easily apparent. We controlled some of the differences
by calculating mean erosion-induced yield declines for each crop and soil order
across methods, management practices and time periods.

C. LINEAR RELATION

Results from field studies and simulation models show that there is a large
variation in the way erosion affects soil quality and productivity (Maetzold and
Alt, 1986). Some soils experience consistent productivity reductions with
progressive soil degradation, while others suffer no loss until some critical
point in one (or more) yield-determining factor(s) is reached, at which point
significant yield losses begin (Biot and Xi, 1993; Sanders et al., 1995; Hoag,
1998). However, a linear relationship between erosion and productivity was
assumed, implying that the loss in productivity remains the same for each Mg
or cm of soil erosion over the entire range of soil depths considered in the
experiment.

D. AVERAGE BULK DENSITY

Nearly all studies investigating the effect of past erosion measured yield
losses over different TSDs. Using data in the studies reviewed, the mean yield
loss per cm of soil erosion was calculated. In studies using management
practices, on the other hand, yield differences between treatments were
expressed per Mg of soil erosion. To compare the effects of past and present
erosion, the yield losses per cm of soil erosion were converted into yield losses
per Mg of soil erosion. For this conversion, an average bulk density of
1.5 Mg m > was assumed for all soils on all continents. Using this bulk density
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value, 1 cm of soil weighs 150 Mg ha™'. Therefore, yield loss per cm of soil
was divided by 150 to determine the yield loss per Mg of soil erosion. Based on
the previous assumption, it was assumed that the rate of yield loss is uniform
over the entire 1 cm depth of soil.

E. RELATIVE YIELD DECLINE

To determine the relationship between erosion and productivity, most studies
compare yield declines with yields on uneroded or slightly eroded phases, and
calculate a relative decrease in yield using the uneroded yield as the
denominator. However, erosion is not normally uniform across an experimental
plot (except when topsoil is artificially removed to a uniform depth), field or
landscape. Therefore, in an effort to more closely approximate conditions faced
by farmers, and to better reflect natural circumstances in a field or landscape
that includes a range of TSD and erosion-induced soil loss, relative yield
decline was calculated using the mean yields across all experimental plots for
each crop and soil as the denominator. As the mean experimental yield is
usually lower than the yield on the uneroded or slightly eroded plots, this
method will lead to an overestimation of relative yield declines as is shown in
the hypothetical example in the box below. For ease of analysis and comparison
of the data, soil loss due to erosion was assumed to be uniform across each
experimental plot.

Example of Yield Loss Calculations

TSD removal (cm) Yield Mg hs™")  Yield loss (Mg ha™' em™")
0 10
10 8 (10 — 8)/10 =0.20
20 6.5 (10 — 6.5)/20 = 0.18
30 6 (10 = 6)/30=0.13
Mean 7.6 0.17
Yield loss per Mg soil erosion
atbd=15Mgm > 0.17/150 = 0.0011 Mg ha™ ' Mg ™"
Relative yield loss, using mean experimental yield as the reference yield:
per c¢m soil erosion 0.17/7.6 *100% = 2.2% cm ™"
per Mg soil erosion 0.0011/7.6 *100% = 0.014% Mg~
Relative yield loss, using the uneroded yield as the reference yield:
Per cm Soil erosion 0.17/10%100% = 1.7% cm ™

Per Mg Soil erosion 0.0011/10%100% = 0.011% Mg~
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IV. RESULTS

A. EFFECTS ON YIELD IN TsSD EXPERIMENTS

Erosion—productivity studies have been undertaken worldwide on a variety of
crops. Although there are some studies on pasture and fodder crops (United
States, Australia, Botswana), vegetables (mustard in India and Hungary, cabbage
in Indonesia), and tea (Sri Lanka), the majority of studies involved grain crops,
pulses and root crops. This review focuses on these three groups of crops only.

1. Grain Crops

Studies on the effect of erosion on grain crops primarily used maize (Zea mais)
and wheat (Triticum aestivum) as the experimental crop (Table III). Maize was the
predominant crop used in North America and Africa, whereas wheat was pre-
dominant in North America (United States and Canada) and Australia. A smaller
number of cases involved sorghum (Sorghum bicolor) (US), millet (Panicum
miliaceum and Pennisetum glaucum) (Niger, Burkina Faso, Russia and India), rye
(Secale cereale) (Bulgaria), oats (Avena sativa) (Australia, US), and barley
(Hordeum vulgare) (Australia, US, UK, Hungary, Ukraine, Egypt).

a. Maize

Mean experimental maize yields are the highest in North America
(6.2 Mg ha '), and yield losses due to erosion are the lowest (Table III).
Maize yields in North America decline 0.092 Mg ha™" cm”'. Not only are mean
yields in Latin America (i.e., Central and South America and the Caribbean),
Africa and Asia less than half of those in North America (2.9, 2.6, and
1.7 Mg ha™!, respectively), but erosion-induced yield losses are also higher
(0.215,0.128, and 0.111 Mg ha™ ' cm ™", respectively). Nevertheless, when yield
losses per cm of soil erosion are converted to yield losses per Mg of soil erosion
(assuming an average bulk density for all soils on all continents of 1.5 Mg m™?),
the results are similar: maize losses of about 1 kgha™' Mg~ of soil erosion,
ranging from 0.62 kg ha—' Mg~ ! in North America to 1.44kgha ' Mg~ ' in
Latin America. On a relative basis, maize yields in North America decline by
0.01% for each Mg of soil erosion. Compared to North America, even though still
small, relative yield declines per Mg of soil erosion are three times higher in
Africa (0.03%), four times higher in Asia (0.04%), and fives times higher in
Central and South America (0.05%).

There are differences in relative yield losses of maize grown on soils of
different soil orders. In North America, studies on Entisols showed that yields are



Table 111

Impact of Past Erosion on the Yield of Grain Crops, by Crop and Continent

Crop Continent

Erosion-induced yield loss

Mean of mean
experimental
yield
(Mg ha™h

Mean
duration of Mg ha ' em™! Kg ha™! % Mg ™!
soil erosion, Mg ! soil soil
mean (range) erosion” erosion

No. of experiments
records (yr)

Sources

Maize Africa

Asia

North
America

41 2 2.6 0.128 (0.003-0.715) 0.86 0.03%

4 2 1.7 0.111 (0.097-0.143) 0.74 0.04%

131 4 6.2 0.092 ((—0.080)—-1.030) 0.62 0.01%

Abate, 1994; Aune et al., 1998;
Azontonde 1993; Boli Baboule and
Roose 1998; Boli ef al. 1993;
Gachene 1995; Hudson and Jackson
1959; Hulugalle 1986; Kilasara et al.,
1995; Lal, unpublished data, 1981,
1985, 1987b; Mbagwu, 1981;
Mbagwu et al., 1984; Oyedele and
Aina, 1998; Seather et al., 1997,
Sessay, 1991; Tegene, 1992;

Tenge et al., 1998; Vaje et al., 1998

Rimwanich and Na-Thalang, 1978;
Shafiq et al., 1988; Sur et al., 1998

Adams, 1949; Alberts and Spomer,
1987, Barre, 1939; Blevins et al.,
1987; Carlson et al., 1961;

Chengere and Lal, 1995; Fahnestock
et al., 1995; Frye et al., 1982, 1983;
Gantzer and McCarthy, 1985; Gilliam
et al., 1987; Gollany et al., 1992;
Hajek and Collins, 1987;

(continued)
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Table III (continued)

Erosion-induced yield loss

Mean Mean of mean
duration of  experimental Mg ha ' em™! Kgha™! % Mg~
No. of experiments yield soil erosion, Mg~ soil soil
Crop Continent records (yr) (Mg ha™ 1) mean (range) erosion” erosion Sources

Henning and Kalaf, 1985; Langdale
et al., 1979; Lindstrom et al., 1986,
1987; McDaniel and Hajek, 1985;
Miller, 1985; Mokma and Sietz,
1992; Murray et al., 1939; Musgrave,
unpublished data; Odell, 1950;
Olson and Nizeyimana, 1988;
Olson and Carmer, 1990; Olson
et al., 1999; Olson, 1977; Schertz
et al., 1985; Schertz et al., 1989,
Schumacher et al., 1994; Shaffer
et al., 1994; Smith, 1946; Stallings,
1957, Stone et al., 1985; Swan et al.,
1987; Thompson et al., 1991, 1992;
Tyler et al. 1989; Xu et al. 1997,
Weesies et al., 1994; Wright et al.,
1990; Yost et al., 1985

Latin 15 2 29 0.215 (0.007-1.640) 1.44 0.05% Albuquerque et al., 1996;

America® Coelho Silva et al, 1985;

Flores and Fernandez, 1995;
Hernani et al., 1997; Nieto et al.,
1998; da Silva et al., 1999;
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Wheat

Asia

Australia

Europe

North
America

64

35

2.6

0.101 (0.097-0.143)

0.081 ((—0.003)-0.355)

0.026 ((—0.058)-0.097)

0.051 ((—0.033)-0.225)

0.69

0.54

0.17

0.34

0.02%

0.04%

0.00%

0.01%

da Silva and Silva, 1997,
Sparovek et al., 1991; Tengberg
et al., 1997a, b; da Veiga et al., 1998

Agnihotri et al., 1994; Bhatti et al.,
1998; Shafiq et al., 1988

Barr, 1957; Davies et al., 1988;
Elliott et al., 1988; Hamilton,
1970; Hore and Sims, 1954;
Littleboy et al., 1992

Burnham and Mutter, 1993; Duck,
1974; Evans and Nortcliff, 1981;
Krisztian et al., 1987; Krumov
and Tzvetkova, 1998; Tikhonov,
1960; Vernander et al., 1964

Barre, 1939; Bramble-Brodahl
et al., 1985; Carter, et al., 1985;
Dormaar and Lindwall, 1984;
Dormaar et al., 1986, 1988;
Frymire, 1980; Greb and Smika,
1985; Horner, 1960; Ives and
Shaykewich, 1987; Izaurralde et al.,
1998; Larney and Janzen, 1997;
Larney et al., 1991, 1995a, b, 1998;
Lowery et al., 1990; Massee, 1990;
Massee and Waggoner, 1985;
Monreal et al., 1995; Power et al.,
1981; Rasmussen and Rohde, 1991;
Tanaka, 1995; Tanaka and Aase,
1989; Thompson et al., 1991a;
Verity and Anderson, 1990;
Wetter, 1977

(continued)

I NOISOY¥d TIOS 40 LOVdINT 'TVIOTO

LT



Table III (continued)

Erosion-induced yield loss

Mean Mean of mean
duration of  experimental Mgha 'em™! Kgha™! % Mg~ !
No. of experiments yield soil erosion, Mg ! soil soil
Crop Continent records (yr) (Mg ha™ 1) mean (range) erosion” erosion Sources
Latin 1 3 2.1 0.062 (n.a) 0.41 0.02% Tengberg et al., 1998
Amercia”
Barley Asia 1 1 1.8 0.142 (n.a.) 0.95 0.05% Agnihotri et al., 1994
Australia 2 3 2.8 0.040 (0.036-0.044) 0.27 0.01% Fawecett et al., 1990
Europe 11 3 2.5 0.052 ((—0.023)-0.174) 0.35 0.01% Biot and Lu, 1993; Duck, 1974;
Dzhadan et al., 1975; Evans, and
Nortcliff, 1978; Krisztian et al.,
1987; Lu and Biot, 1994; Tikhonov,
1960; Xu and Biot, 1994
North 2 3 3.5 0.057 (0.057-0.058) 0.38 0.01% Carter et al., 1985; Stallings, 1957
America
Millet Africa 1 3 0.4 0.187 (n.a.) 1.25 0.29% Buerkert and Lamers, 1999
Asia 2 2 0.3 0.015 (0.012-0.017) 0.1 0.03% Vittal et al., 1991
Europe 2 4 0.3 0.011 (0.005-0.018) 0.08 0.02% Tikhonov, 1960
Oats Australia 1 1 0.4 0.036 (n.a.) 0.24 0.06% McFarlane et al., 1991
North 5 3 2 0.045 (0.017-0.080) 0.3 0.01% Adams, 1949; Barre, 1939; Lamb
America et al., 1944; Murray et al., 1939;
Stallings, 1957
Sorghum North 17 3 4.2 0.014 ((—0.139)-0.108) 0.09 0.00% Eck et al., 1965; Eck, 1968, 1987,

America

Langdale et al., 1987

“Assuming a bulk density of 1.5 Mg m™>.

“Latin America includes South America, Central America and the Caribbean.
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not affected by erosion (i.e., they decline by less than 0.005% Mg~ ' of soil
erosion). Yields declined by 0.02% Mg~ " of soil erosion on Oxisols and Ultisols,
and by 0.01% Mg ' on Alfisols and Mollisols. Observed yield declines
in Asia are slightly greater on Inceptisols (0.05% Mg~ ') than on Aridisols
(0.04% Mg™'). In Africa, relative yield losses are low on Inceptisols and
Oxisols (0.01% Mg~ "), but four to five times greater on Alfisols and
Ultisols (0.04 and 0.05% Mg ', respectively). The highest losses in maize
yield in the studies reviewed occur on Inceptisols in Central and South America
(0.33% Mg~ '); they are also fairly high for maize grown on Mollisols
(0.07% Mg~ "). Relative yield declines for maize grown on Alfisols and Entisols
in this continent, however, are low at 0.01% Mg_1 soil erosion.

b. Wheat

Studies with wheat have been conducted in five continents, with most studies
(71%) done in North America (Table III). Mean experimental wheat yields are
highest in Europe (3.5 Mgha™'). Yield losses as a result of erosion on this
continent are very small (average of 0.026 Mg ha™' cm™"); relative yield losses
per Mg of soil erosion are negligible for all soils on which wheat yield-
productivity studies have been undertaken (i.e., Alfisols, Entisols, and Mollisols).
Mean wheat yield is lowest in Australia (1.2 Mg ha™ "), declining 81 kg ha™"' -
ecm ' or 0.04% Mg~ of soil erosion. In Australia, yield losses are highest for
wheat on Alfisols (0.05% Mg_l), slightly less on Vertisols (0.04% Mg_l),
and lowest on Aridisols (0.02% Mg~ "). In North America, wheat yield averages
2.6 Mgha™', and declines 51 kgha ' ecm ™" or 0.01% Mg~ " of soil erosion.
Relative yield declines are greater for wheat on Alfisols (0.02% Mg~ ") than on
Entisols and Mollisols (0.01% Mg~ "). Mean wheat yield in Asia (3.0 Mg ha™ ')
is slightly higher than that in North America, but erosion-induced yield decline
is also higher (101 kgha™'cm™"'). On a relative basis, wheat yield decreases
by 0.02% Mg~ " of soil erosion. In Asia, the yield decline of wheat on Aridisols
is 50% greater (0.03% Mg~ ') than on Inceptisols (0.02% Mg~ "). Only one
study was done with wheat in Latin America; the experiment was carried out on
a Mollisol in Argentina. Average yield (2.1 Mg ha™') and yield decline
(0.062 Mg ha™' cm™ ') were lower than in Asia, but relative yield decline per
Mg of soil erosion was the same (0.02% Mg~ ").

c. Barley

Studies on barley have been carried out in Asia (one study in India), Australia
(one study), North America (2 studies in the USA), and Europe
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(Hungary, Ukraine and the UK). Average barley yields are the highest in North
America (3.5 Mg ha™') and lowest in Asia (1.8 Mg ha™'), but erosion-induced
yield declines are reversed: 142kgha ' m™' in Asia and 57 kg ha ' cm ™! in
North America (Table III). For soil erosion per Mg, the relative yield loss is five
times greater in Asia (0.05% Mg~ ") than in North America (0.01% Mg~ "). The
relative yield loss of barley on Alfisols in North America is twice that on Aridisols
(0.02% vs. 0.01% Mg~ "' of soil erosion). The average relative yield loss in
Australia for barley grown on an Aridisol is equivalent to the relative yield loss in
North America, although mean yield and yield decline per cm of soil erosion are
lower (2.8 Mgha ' and 40 kg ha™' cm™', respectively). Mean barley yields
in Europe are slightly lower than in Australia (2.45Mgha '), with yield
declines resulting from erosion slightly less than those in North America
(5.2kgha”' cm™"); average yield declines per Mg of soil erosion are negligible
(none for barley on Entisols, and 0.01% Mg ' on Inceptisols and Mollisols).

d. Oats

Oats were used as the experimental crop in four studies, one in Australia on an
Ultisol, and three in the United States, one each on an Alfisol, a Mollisol, and an
Ultisol (Table III). Mean oats yield in the United States studies was 2.0 Mg ha !,
declining at a rate of 45kgha ' cm ™! or 0.01% Mg~ of soil erosion. Yield
decline was highest in oats on the Alfisol (0.03% Mg~ ") and lowest in oats on
the Mollisol (0.01% Mg~ "); yield decline on the Ultisol was intermediate at
0.02% Mg~ " of soil loss. Mean experimental oats yield was low in the Australian
study (0.4 Mg ha™"); yields in this study declined at the rate of 36 kg ha™ ' cm ™'

with a relative loss of 0.06% Mg~ .

e. Millet and Sorghum

Erosional effects on millet yield were investigated on Alfisols in India and
Mollisols in Russia. Studies on sorghum were conducted only in the United
States. While average millet yields were similar in India and Russia
(0.3 Mg ha™', respectively), the decline in yield due to erosion was slightly
higher in India than in Russia (15 and 11kgha ' cm™' of soil erosion,
respectively) (Table IIT). The relative yield decline was 0.03 and 0.02% Mg~ ' of
soil erosion in India and Russia, respectively. Mean sorghum yield in the
experiments in the United States was 4.2 Mg ha™ ', with (on average) no decline
in relative yield. Relative yields declined by 0.01% Mg~ ' soil erosion on
Mollisols, but increased by a similar amount in experiments on Ultisols despite
the progressive increase in erosion.
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2. Leguminous Crops

With the exception of studies on soybeans in the United States, there have
been few erosion—productivity studies on pulses. Besides the United States,
soybeans have been used as the experimental crop in Brazil, Hungary, India, and
Indonesia, cowpeas in Nigeria, Tanzania, Trinidad, and Brazil, and dry beans in
Ethiopia, Brazil, Venezuela, and the United States (Table IV).

a. Soybeans

Average soybean yields are the same in the Americas (2.1 Mgha '), but
yield declines per cm of soil erosion in Latin America are twice those in
North America (0.092 vs. 0.041 Mgha™' cm™', respectively) and relative
yield declines are three times as high (0.01% vs. 0.03% Mg ', respectively)
(Table IV). In South America, yield declines were higher on Oxisols
(0.03% Mg~ ") than on Mollisols (0.02% Mg~ "). In the North American
soybean studies, yield declines were highest in studies on Ultisols and
Entisols (0.03% Mg_l), intermediate on Inceptisols (0.02% Mg_l), and
lowest on Alfisols and Mollisols (0.01% Mg*1 soil erosion).

Mean experimental soybean yield is much lower in Asia (0.9 Mg ha™'); as a
result of erosion, average absolute and relative yields actually increase by
73 kgha” ' cm ™' or 0.01% Mg~ of soil erosion. Soybean yields in Asia were not
affected by erosion of Inceptisols, decreased by 0.04% Mg~ in experiments on
Oxisols, and increased 0.02% Mg~ ' on Vertisols. The sole study on soybeans in
Europe was conducted in Hungary on a Mollisol. Yield and yield decline per cm
of soil erosion were low (0.6 Mg ha™ ' and 20 kg ha™' cm ™', respectively). The
relative yield declined by 0.02% Mg~ of soil erosion.

b. Cowpeas

Cowpeas were used as the experimental crop primarily in Africa (Nigeria,
Tanzania, and Sierra Leone), and in one study in Brazil (Table IV). The African
studies were conducted on Alfisols, Oxisols, and Ultisols, whereas the study in
Brazil was done on an Entisol. The mean yield in the studies in Africa was
0.8 Mgha ', As a result of erosion, yields declined on average at the rate of
44kgha 'em™!, or 0.03% Mg~ . Yield decline was 25% greater for studies on
Ultisols (0.04% Mg~ 1) than on Alfisols and Oxisols (0.03% Mgfl). In Brazil, the
mean yield (0.3 Mg ha™") and erosion-induced yield decline were lower than in
the studies in Africa; absolute yield loss was 6 kgha™' cm ™' or 0.01% Mg ™' of
soil erosion.



Table IV
Impact of Past Erosion on the Yield of Leguminous Crops, by Crop and Continent

44

Erosion-induced yield loss

Mean Mean of mean
duration of  experimental Mg ha ' cm™! kg ha™! % Mg ™!
No. of experiments yield soil erosion Mg~ ! soil soil
Crop Continent records (yr) Mg ha 1) mean (range) erosion” erosion  Sources
Soybeans Asia 4 1 0.9 —0.073 ((—0.344)-0.027) -0.49 —0.05%  Shivaramu et al., 1998; Singh
et al.,1999; Sudirman et al.,
1986; Tiwari and Jain, 1995
Europe 1 10 0.6 0.020 (n.a.) 0.13 0.02%  Krisztian et al., 1987
North America 43 4 2.1 0.041 ((—=0.001)-0.113) 0.27 0.01% Bruce et al., 1995; Ebeid et al.,

1995; Fahnestock et al., 1995;
Gilliam et al., 1987; Hairston
et al., 1989; Hajek and
Collins, 1987; Henning and
Khalaf, 1985; McDaniel and
Hajek, 1985; Pettry et al.,
1985; Rhoton, 1990; Salchow
and Lal, 1999; Schertz et al.,
1985; Schertz et al., 1989;
Thompson et al., 1991a, b;
Tyler et al., 1987; Weesies

et al., 1994; Wetter, 1977,
White et al., 1985; Yang

et al., 1996
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Latin America® 4

Beans Africa 3
North America 2
Latin America” 5
Cowpeas Africa 21
Latin Amercia® 1

2.1

0.4
1.4

1.1

0.8

0.3

0.092 (0.048-0.134)

0.009 (0.003-0.019)
0.035 (0.030-0.040)

0.055 (0.033-0.076)

0.044 (0.001-0.124)

0.006 (n.a)

0.61

0.06
0.23

0.37

0.29

0.04

0.03%

0.02%
0.02%

0.03%

0.03%

0.01%

Tengberg et al., 1998;
da Veiga et al., 1998

Tegene, 1992

Carter et al., 1985;
Lamb et al., 1944

Delgado and Lopez, 1998;
da Veiga et al., 1998

Aune et al., 1998; Kilasara et al.,
1995; Lal, 1981; Mbagwu,
1981; Mbagwu et al., 1984;
Sessay, 1991

da Silva and Silva, 1997

3

“Assuming a bulk density of 1.5 Mg m™ .

“Latin America includes South America, Central America and the Caribbean.
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c. Beans

Experiments using beans were conducted on Alfisols in Ethiopia, Alfisols,
and Aridisols in the United States, and Inceptisols and Oxisols in Venezuela and
Brazil. Mean experimental yields were lowest in Ethiopia (0.4 Mgha™') and
highest in the United States (1.4 Mg ha™') (Table IV). Yield was intermediate
in the Brazilian and Venezuelan experiments (1.1 Mg ha™'), but the average
yield declines due to erosion were highest in both absolute (55 kgha ' cm ™)
and relative terms (0.03% Mg~ ' soil erosion). Relative yield declines in
Ethiopia and the United States were identical (0.02% Mg~ '), although losses
per cm of soil erosion were lower in Ethiopia (9kgha 'cm™') than in the
United States (35 kg ha™' cm ™). The yield loss in studies on Alfisols in the
United States was three times higher (0.03%) than the yield loss on Aridisols
(0.01%). The yield decline on the Oxisol in Brazil was double the loss on
Inceptisol in Venezuela (0.04% vs. 0.02%, respectively).

3. Root Crops
a. Potatoes

Very few studies on the impact of erosion on productivity have been done with
root crops. Experiments using potatoes were done in Australia on Aridisols and
Ultisols, in the United States on an Aridisol, a Spodosol, and an Inceptisol, in
Venezuela on an Entisol, and in Bulgaria and Russia on an Alfisol and a Mollisol,
respectively (Table V). Mean yields and yield losses due to erosion were lowest
in Europe (11.4 and 84 kg ha™' cm ™!, respectively). Relative yield loss was less
than 0.005% Mg~ soil erosion. Average yield in Australia was 54.1 Mg ha™ ',
with a mean yield decline of 542 kg ha™' cm™'. However, yield decline occurred
only in the experiment on the Aridisol (i.e., 1.084 Mgha 'cm™', or 0.01%
Mg~ ! of soil erosion); yields remained the same on all depths of soil removal on
the Ultisol. The potato study in Venezuela resulted in a mean yield of
20.2 Mg ha™', and decreased 101 kg ha~' cm ™' of soil erosion; the relative yield
loss was less than 0.003% Mg~ '. In the United States, the mean potato yield in
the experiments was 30.5 Mg ha™'; however, yield in the study on the Aridisol
was more than twice the yield in the studies on either the Spodosol
(14.7Mgha™ ") or the Inceptisol (24.1 Mg ha™'). Average erosion-induced
yield declined by 0.42% Mg~ ' of soil erosion, ranging from no loss on the
Aridisol to 0.78% Mg~ ' on the Spodosol and 1.09% Mg~ " on the Inceptisol.

b. Cassava

Cassava was used as the experimental crop in two studies in Nigeria (Table V).
The mean yield in these experiments was 15 Mg ha™', and declined at an average



Table V
Impact of Past Erosion on the Yield of Root Crops, by Crop and Continent

Erosion-induced yield loss

Mean duration ~ Mean of mean Mgha ' cm™! % Mg ™!
No. of of experiments  experimental soil erosion, kgha 'Mg™' soil
Crop Continent records (yr) yield (Mg ha™") mean (range) soil erosion” erosion Sources
Potatoes Latin 1 1 20.2 0.101 (n.a.) 0.67 0.00% Delgado et al., 1998
America®
Australia 2 1 54.1 0.542 (0.000—-1.084) 3.61 0.01%  McFarlane et al., 1991
Europe 2 5 114 0.084 (0.018-0.150) 0.56 0.00%  Krumov and Tzvetkova, 1998;
Tikhonov, 1960
North 3 2 30.5 (n.a.)’ 127 0.42% Carter et al., 1985; Hepler et al.,
America 1983; Lamb ef al., 1944
Cassava  Africa 2 4 15 0.594 (0.535-0.653) 3.96 0.03% Lal, unpublished data; Lal, 1987b
Carrots  Latin 4 1 27.8 1.323 (0.000-2.678) 8.82 0.03%  Delgado et al., 1998
America”

“Assuming a bulk density of 1.5 Mg m ™ °.

bLatin America includes South America, Central America and the Caribbean.
“Two studies measured erosion in Mg ha™! and one in cm ha™'; therefore, no mean yield losses per cm could be calculated.
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rate of 594 kg ha~' cm ™" of erosion. Both of these experiments were conducted
on Alfisols. The relative yield loss was 0.03% Mg~ ' of soil erosion.

c. Carrots

Lastly, two studies in Venezuela investigated the erosional effects on the yield
of carrots, one study on an Entisol and another on an Inceptisol. Mean carrot yield
in these experiments was 27.8 Mg ha™ ', and yield losses ranged from 0.0 to
2.7Mgha~ ' cm™" (Table V). The average relative yield loss was 0.03% Mg~ ' of
soil erosion, 0.05% Mg ™" on the Entisol and 0.02% Mg~ ' on the Inceptisol.

B. EROSIONAL EFFECTS ON YIELD IN MANAGEMENT
PRACTICES STUDIES

In several countries, researchers have investigated the effects of differential
management practices on erosion and crop yields. Common management practices
used in the studies include soil tillage methods, terracing and bunding, and use of
different soil covers and cover crops. These studies measure the effect of
management practices on both erosion rates and crop yields (i.e., erosion as it
occurs during crop growth), whereas the results presented in the previous section
represent the effects on yield of past erosion as reflected in different depths of
topsoil, keeping management constant. However, differences in crop yields in
studies using different management practices are due both to variable amounts of
erosion associated with these management practices, and to other changes in soil
properties. In other words, the observed yield differences cannot be attributed
solely or entirely to differences in erosion rates. As the relative yield losses per Mg
of soil erosion were quite different from relative yield losses in studies
investigating the effects of past erosion, the results are presented separately as
follows:

1. Grain Crops

The relative yield declines in grain crops in studies investigating the effects of
past erosion ranged from 0.00 to 0.05% Mg ', whereas relative yield losses in
studies evaluating the effect of present erosion rates were much greater, ranging
from 0.21 to 11.13% Mg_1 of soil erosion (Table VI).

a. Maize

The average experimental maize yields ranged from 2.9 Mg ha™' in Africa to
7.8Mgha™! in North America (Table VI). In Africa, this mean yield is



Table VI

Impact of Present Erosion on the Yield of Grain Crops, by Crop and Continent

Erosion-induced yield loss

Mean duration ~ Mean of mean Mg ha™! Mg™! % Mg ™!
No. of of experiments  experimental soil erosion, kgha 'Mg™' soil
Crop  Continent records (yr) yield (Mg ha Y mean (range) soil erosion” erosion Sources
Maize Africa 11 5 2.9 0.072 ((—0.373)-0.428) 72 2.45%  Azontonde, 1993; Mensah-Bonsu
and Obeng, 1979; Moyo, 1998
Asia 2 4 3.1 0.024 (0.003-0.045) 24 0.77%  Willet, 1994
Europe 1 17 3.7 0.088 (n.a.) 87.9 2.41%  Djorovic, 1990
North 1 3 7.8 0.790 (n.a.) 790 10.12%  Bitzer et al., 1985
America
Latin 5 6 3.9 0.047 ((—0.171)-0.388) 46.6 1.18%  Gumbs et al., 1985;
America® Melo Filho and Silva, 1993;
Nunes Filho et al., 1987
Wheat Europe 1 17 3.1 0.114 (n.a.) 114 3.62%  Djorovic, 1990
North 3 14 1.8 0.014 (0.000-0.0040) 14 0.75%  Horner, 1960; Monreal
America et al., 1995
Latin 1 7 2.2 0.009 (n.a.) 9 0.41%  Hernani et al., 1997
America®
Barley Africa 2 1 1.0 0.002 (0.001-0.003) 2.2 0.21%  Afifi et al., 1992; Wassif
et al., 1995
Millet  Africa 1 4 0.5 0.054 (n.a.) 54 11.13%  Fournier, 1963

“Latin America includes South America, Central America and the Caribbean.

I NOISOY¥d TIOS 40 LOVdINT 'TVIOTO

LC



28 C. DEN BIGGELAAR ET AL.

comparable to the mean yield obtained in studies investigating past erosion (2.9
vs. 2.6 Mg ha™'). In other continents, average yields in management practices
experiments were higher than those reported in past erosion experiments. Yield
decline per Mg of soil erosion was lowest in Asia (0.24 Mgha ' Mg~ ") and
highest in North America (0.79 Mg ha~' Mg~ "). The relative yield decline was
0.77% Mg,f1 in Asia, 1.18% in Latin America, 3.01% in Africa, and 10.12% in
the one study using management practices in North America. The average
relative yield declines by continent mask differences observed among soils. In
Latin America, maize yield declined 33.36% Mg~ ' of soil erosion on Entisols in
Brazil, but yields increased on Ultisols by 3.2% Mg~ " in Brazil and 0.19% Mg~
in Trinidad. The loss in yield in Asia was larger on the Ultisol in Thailand
(1.79% Mg~ ") than on Alfisol in the Philippines (0.08% Mg~ '). In Africa, yields
increased by 2.93% Mg~ of soil erosion on Alfisols, but declined 3.1% Mg~ ' on
Entisols, 11.5% Mg~ " on Inceptisols, 2.35% Mg " on Oxisols and 3.14% Mg’
on Ultisols. The sole North American study was done on an Alfisol.

b. Wheat

Five studies were found that used management practices to investigate the
effect of erosion on wheat yields, three in North America (two in Canada and
one in the US) and one each in Europe (Serbia) and Latin America (Brazil)
(Table VI). Mean yields obtained in these studies were similar to that in past
erosion experiments in Brazil (2.2 vs. 2.1 Mgha™ ', respectively), but much
lower than in the studies in Europe (3.1 vs. 5.2 Mg hafl) and North America (1.8
vs. 2.6 Mg ha™") (comparison of results in Tables III and VI). The yield decline
due to erosion was similar in Latin and North America (9 kg ha~' Mg~ in Brazil
and 14 kgha™' Mg~ in North America). In the study in Serbia, however, the
decline was much higher at 114 kg ha™' Mg~ '. The relative yield decline was
0.41% on an Entisol in Brazil, 0.75% in North America (0.04% on Alfisols and
1.09% on Mollisols), and 3.62% in the study on a Mollisol in Serbia.

c. Barley and Millet

Two studies on barley on Aridisols in Egypt had mean yields of 1.0 Mg ha™ ",
declining by 2 kg ha™ "' Mg ™" of soil erosion, or 0.21% (Table VI). Management
practices studies on Alfisols in Burkina Faso and Niger with millet showed
comparable yields (485 vs. 437 kg ha™'). The decline in yield was, however,
much greater in Burkina Faso, both in absolute (54 vs. 1 kgha™' Mg ™' of soil
erosion) and relative terms (11.13 vs. 0.29% Mgf1 of soil erosion).
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2. Leguminous Crops

Studies using management practices on leguminous crops were done on
soybeans on a Vertisol in India and an Oxisol in Brazil; beans on Entisols in
Brazil and Peru; cowpeas on Ultisols in Trinidad; and peanuts on an Alfisol in
Burkina Faso (Table VII). Mean soybean yield was 0.9 Mg ha~' in India and
2.2Mgha™! in Brazil. The yield loss was 49 kg ha™' Mg~ of soil erosion or
5.19% in India, and 6 kg ha~' Mg ™" of erosion or 0.28% in Brazil.

The mean yield of dry beans in the studies in Brazil and Peru was
1.0 Mg ha~!; accelerated erosion had no effect on yields, however. In both
studies, yields increased in spite of accelerated erosion at an average rate of
25 kgha™' Mg~ ! soil erosion. The relative yield increase was 2.46% Mg~ ' soil
erosion.

In the study of peanuts on Alfisols in Burkina Faso, yield declined
7.11% Mg_l, or 47kgha™! Mg_1 of soil erosion from a mean yield of
660 kg ha™'. Lastly, a study with cowpeas on Ultisols in Trinidad produced an
average yield of 1.62 Mg ha™'; yields in this study increased with progressive
increase in erosion at a rate of 11.36% Mg ™' (184 kg Mg ™ h).

3. Root Crops

Studies on potatoes were conducted on an Aridisol in the US, Inceptisols in
Indonesia and Peru, a Spodosol in Canada, and an Entisol in Peru. Mean
yields ranged from 20.6 Mg ha™' in Peru to 36.2 Mg ha™' in North America
(Table VIII). Erosion-induced yield losses differed among continents and soils.
In the Peruvian studies, average yields increased with increase in erosion at a
rate of 0.327 Mgha 'Mg ™' or 1.59% Mg ' of soil erosion. Yield on the
Entisol in Peru decreased slightly (26 kgha ' Mg~ ' or 0.19% Mg™') due to
erosion, but increased on the Inceptisol by 0.68 Mg ha™ ' Mg ™' or 2.49% Mg~ !
soil erosion. In Indonesia, yield declined 9 kg ha™' Mg~ " soil erosion from a
mean yield of 26.4 Mg ha™' or 0.03% Mg~ '. In North America, average yield
decline was much greater: 2.921 Mgha ' Mg™' or 8.01% Mg~ '. However,
almost all of this decline was registered in the study on the Aridisol, in which
yield declined by 5.845 Mgha ' Mg ™" or 15.05% Mg~ ' of soil erosion. On a
Spodosol in Canada, yield declined only 2kgha ' Mg~ ' or 0.01% Mg~ ' of
soil erosion.

In a study with cassava on Hunan Island, China, the mean yield was
24 Mgha™' (Table VIII), and yield increased slightly with increasing erosion
(36 kgha ' Mg~ ! or 0.15% Mg~ ! of soil erosion). In the studies in Colombia on
Inceptisols, the mean yield of cassava was 19.4 Mgha ', and declined by
0.611 Mgha ' Mg~ " or 3.16% Mg~ of erosion (Table VIII).



Table VII

Impact of Present Erosion on the Yield of Leguminous Crops, by Crop and Continent

Mean duration Mean of mean

Erosion-induced yield loss

Mg ha™! ng

No. of of experiments experimental soil erosion, Kgha 'Mg™' % Mg™!
Crop Continent  records (yr) yield (Mg ha™") Mean (range) soil erosion soil erosion Sources
Soybeans Asia 1 3 0.9 0.049 (n.a.) 49 5.19%  Shivaramu et al., 1998
Latin 1 7 2.2 0.006 (n.a.) 6 0.28% Hernani et al., 1997

America’

Beans Latin 2 11 1.0 —0.025 —24.5 —2.46% Felipe-Morales et al., 1979;
America’ ((—0.034)-(—0.015)) da Silva et al., 1999

Cowpeas Latin 1 1 1.6 —0.184 (n.a.) —184 —11.36% Gumbs et al., 1985
America’

Peanuts  Africa 1 4 0.7 0.047 (n.a.) 47 7.11%  Fournier, 1963

“Latin America includes South America, Central America, and the Caribbean.
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Table VIII
Impact of Present Erosion on the Yield of Root Crops, by Crop and Continent

Erosion-induced yield loss

Mean of mean

Mean duration experimental Mg ha~' Mg™! Kg ha™' % Mg ™!
No. of of experiments yield soil erosion, Mg ! soil soil
Crop Continent records (yr) (Mg ha™ h mean (range) erosion erosion Sources
Potatoes  Asia 1 2 26.4 0.009 (n.a.) 9 0.03% Sinukaban et al.,
1994
North America 2 2 36.2 2.921 (0.002-5.845) 2921 8.01%  DeHaan et al., 1999;
Sojka et al., 1993
Latin America” 2 2 20.6 —0.327 ((—0.680)—0.026) —327 —1.59%  Felipe-Morales
et al., 1979
Cassava  Asia 1 1 24 —0.036 (n.a.) —359 —0.15%  CIAT, 1991
Latin America® 4 2 19.4 0.611 (0.214-1.026) 611 3.16%  Reining, 1992;

Ruppenthal, 1995

“Latin America includes South America, Central America, and the Caribbean.
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C. EFrFECTS OF INPUTS

The results presented above are based on average yields and yield declines of
the experiments reviewed across all levels of input use (e.g., fertilizer, lime,
manure, irrigation). To determine the effect of the use of inputs on relative yield
losses, we compared the results of studies conducted with and without inputs. The
comparative assessment included maize, cowpeas, and cotton in Africa;
soybeans, wheat, millet, and maize in Asia; and beans, maize, and soybeans in
Latin America (Table IX). The differences shown are only indicative of the effect
of inputs, as the number of studies being compared and/or their duration is too
small to make definite conclusions.

1. Africa

In experiments reflecting past erosion, yields of maize and cowpeas were
comparable; the yields with and without input were 2.6 and 2.5 Mgha™' for
maize, and 0.76 and 0.89 Mg ha™' for cowpea, respectively (Table IX). Yield
declines per Mg soil erosion were similar regardless of input use (1.1 and
0.7 kg ha~!' Mg~ for maize, and 0.26 and 0.35 kg ha~' Mg~ for cowpeas with
and without inputs, respectively). The relative yield decline for maize, however,
was 33% greater in plots without fertilizers compared to plots with inputs (0.04%
vs. 0.03%, respectively). The situation was reversed for cowpeas, where relative
yield decline was less in plots without inputs (0.03%) than with inputs (0.05%).

In management practices experiments, relative yield decline was larger in
plots without inputs for maize and seed cotton than with inputs (3.21% vs. 0.61%
Mgf1 for maize; 20.18% vs. 14.93% Mgf1 for seed cotton) (Table IX). For
cotton yields, on the other hand, relative yield decline was less on plots without
(0.42% Mg~ ") than with inputs (2.58% Mg~ ").

2. Asia

A comparison across input use in Asia is only possible for studies on the
effects of past erosion. There was no difference in absolute and relative yield
loss in maize. Although average yield was slightly higher on plots with inputs
(1.7 vs. 1.5 Mg ha™ "), yield loss per cm was also higher (Table IX). Yield loss
per Mg of soil erosion and relative yield loss were similar: 0.65 and
0.77 kg ha™' Mg~ without and with inputs, respectively, or 0.04% Mg~ '. The
relative yield loss of millet on plots without inputs was twice that on plots with
inputs (0.04% vs. 0.02% Mg~ "). For wheat, losses were 2.5 times larger on plots
without than with inputs (0.02% vs. 0.05% Mg~ "), largely due to the much higher
average yields in experiments using fertilizers (3.5 Mg ha™ ') than in those that
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did not (1.5 Mg ha™"). For soybeans, however, yields declined by 0.01% Mg’
on plots with fertilizers, and increased 0.22% Mg~ without fertilizer use.

3. Latin America

Crop yields were higher in experiments on past erosion effects using inputs
(beans 1.1 vs. 0.9 Mg ha™'; maize 3.2 vs. 2.0 Mg ha™'; and soybeans 2.4 vs.
1.8 Mg ha™"). Yield losses per cm of soil erosion in plots with inputs were also
higher for maize and soybeans, but slightly lower for beans (Table IX). Relative
yield declines were identical for soybeans in experiments with and without
fertilizer (0.03% Mg~ "), but larger for maize in experiments with than without
fertilizers (0.05% vs. 0.03% Mg~ ', respectively). For beans, yield losses were
33% larger in experiments without than with fertilizer (0.04% vs. 0.03% Mg~ ").

The results of studies of present erosion effects in Latin America show that
yield of beans and maize increased in spite of accelerated erosion, even when no
inputs were used, although actual yields of these crops were much smaller than in
experiments with fertilizers (Table IX). Bean yield increased with progressive
erosion in both studies with and without fertilizer use, but the increase was larger
in studies without (3.42% Mgfl) than with fertilizer use (2.14% Mgfl). Maize
yield in the no-input experiment increased 9.44% or 171 kg ha™' Mg ™" of soil
erosion, whereas mean yield decreased 2.26% or 101 kg ha™' Mg~ soil erosion
in experiments with fertilizers.

V. DISCUSSION AND CONCLUSIONS

Half of the 179 studies on soil erosion and productivity identified and
compared in this review were conducted in North America (the United States and
Canada). Even with this comparatively large number of studies, the extrapolation
of the results to estimate the production lost as a result of erosion nationally, and
to determine the economic value of this production loss, remains a debatable
subject because of a statistically small sample (den Biggelaar et al., 2001). As we
were able to identify only 89 studies from which one can do similar
extrapolations for the rest of the world, estimates of the impact of erosion on
productivity at the global scale are even more debatable. Nevertheless, given the
paucity of research undertaken on the subject, the present review provides the
best information available to date to estimate the potential effects of erosion on
productivity on a soil- and crop-specific basis. Our aim for this paper was to
undertake the first necessary step for this estimation, namely the determination of
erosion-induced yield losses per cm and Mg of soil erosion, both in absolute and



Table IX
Effect of Inputs (Fertilizers, Manure and/or Irrigation) on Mean Experimental Yield and Erosion-Induced Yield Losses for Selected Crops, by Continent
(Results from Present Erosion Experiments in Shaded Rows)

Erosion-induced yield loss

Mean Mean of mean Mg _ha_] cm

duration of experimental soil erosion, Kgha™! % Mg ™!

Inputs No. of experiments yield mean Mg ! soil soil
Content Crop used records (yr) (Mg ha™) (range) erosion” erosion
Africa Maize N 18 2 2.5 0.158 1.1 0.04%
Y 24 1 2.6 0.106 0.7 0.03%
Cowpeas N 14 1 0.9 0.039 0.26 0.03%
Y 7 1 0.8 0.053 0.35 0.05%
Maize N 9 5 2.5 (n.a.) 81.6 3.21%
Y 2 3 4.8 (n.a.) 29 0.61%
Cotton N 1 4 1.9 (n.a.) 8 0.42%
Y 1 4 2.1 (n.a) 55 2.58%
Cotton-seed N 1 2 1.1 (n.a.) 228 20.18%

Y 1 2 12 (n.a.) 171 14.93
Asia Maize N 1 2 1.5 0.097 0.65 0.04%
Y 3 1 1.7 0.115 0.77 0.04%
Millet N 1 2 0.2 0.012 0.08 0.04%
Y 1 2 0.5 0.017 0.12 0.02%
Soybeans N 1 1 1 —0.344 —-2.29 —0.22%
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Y 3 1

Wheat N 1 2

Y 3 1

Latin America’Maize N 4 2
Y 11 2

Soybeans N 2 4

Y 2 4

0.9

1.5
35

32
1.8
2.4

0.017

0.106
0.099

0.094
0.26

0.083
0.101

0.11

0.71
0.66

0.38
0.36
0.63
1.73

0.01%

0.05%
0.02%

0.03%
0.05%
0.03%
0.03%

“Assuming a bulk density of 1.5 Mgm >,
Latin America includes South America, Central America and the Caribbean.
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relative terms. The extrapolations to calculate the amount of production lost
globally due to erosion and its economic value for a selected number of crops
constitute Part II of this report (den Biggelaar et al., this volume).

The results of the present analysis show that average crop yields and effects of
past erosion on yields (measured in Mg yield decline per cm of erosion) differ
greatly by crop, continent and soil order. However, aggregated across soils on the
continental level, differences in productivity declines per Mg of soil erosion
are fairly small. The absolute yield loss ranged between —0.49 and
1.44kgha ' Mg~ of soil erosion for grain and leguminous crops, and 0.69
and 127.0 kg ha™' Mg ™" for root crops. However, due to differences in mean
yields, the relative yield losses per Mg of soil erosion vary more, even though
losses were generally small (<0.1% Mg~ ' of soil erosion). The exceptions to
this general rule were studies on potatoes in North America, in which yields
declined by 0.42% Mg~ ".

In general, relative erosion-induced yield losses for the various crops
investigated were smallest in studies in North America (with the exceptions of
the potato studies) and Europe. In other continents, relative yield losses were
from two to six times greater per Mg of soil erosion depending on the specific
crop and soil. The greater relative yield declines were due not so much to
differences in the absolute amounts of yield of various crops being lost per cm or
Mg of eroded soil, but mostly because of the much lower average yields of
similar crops in different continents. With identical amounts of erosion, yields
will decline more rapidly in Africa, Asia, Australia, and Latin America than they
do in North America and Europe. The concentration of erosion—productivity
studies in North America, therefore, appears to be inversely related to the
seriousness of the problem of erosion-induced productivity loss at the global
level. Nevertheless, the knowledge gained from experiments in North America
provides an indication not only of the importance of reducing erosion rates, but
also of the possibilities of reducing the relative impact of erosion by increasing
crop yields, thereby making it more attractive to farmers to invest in
conservation-effective technologies and practices.

There is no definite pattern in the relationship between erosion and
productivity when comparing relative yield declines across soil orders globally,
contrary to findings in North America by den Biggelaar et al. (2001). These
authors found that, across the four crops considered (maize, wheat, soybeans, and
cotton), yields were least affected by erosion on Mollisols and most on Ultisols.
On the global level, there is no soil order that consistently shows small erosional
impact. The impact of erosion and the relationship between erosion and
productivity depends very much on the particular crop, soil and climate
conditions. Averaging relative yield losses across crops and continents show that
relative yield decline is generally smallest on Entisols (<0.01% Mg~ ') and
highest on Spodosols (0.78% Mg~ "). The soils can be arranged in the following
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order of average relative erosion-induced yield loss: Entisols < Vertisols <
Aridisols < Mollisols << Ultisols < Alfisols < Inceptisols < Spodosols.

Studies using management practices as their experimental method showed
much greater absolute and relative yield losses. However, we cannot directly
compare the results of studies investigating the effect of past and present erosion.
In past erosion studies, management is the same across all experimental plots,
where in present erosion studies management varies. Differences in crop yields
between experimental plots may, therefore, be an artifact of the different
management techniques being used, rather than (or in addition to) differences in
erosion rates between the plots. The much greater yield losses in these studies
illustrate the effect that different management practices can have on both erosion
rates and crop yield losses. Productivity declines in these studies are a reflection of
the combined effect of erosion and variable crop management practices. Studies
using various TSD measures reflecting past soil erosion holding management
constant provide a more realistic picture of the effect of erosion on productivity.
Results of present erosion studies, however, are useful as well, as they indicate
that inappropriate soil management may amplify the effect of erosion on
productivity by one or several orders of magnitude beyond what can be expected
from looking at studies investigating effects of past erosion. Good soil
management for effective erosion control and maintaining productivity, therefore,
is imperative to feed and cloth the world’s present and future population.
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