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Foreword

Soils are considered as increasingly important in global development issues such as 
food security, land degradation, and the provision of ecosystem services. Land Use 
and Soil Resources synthesizes scientific knowledge about the impact of different 
land uses on soils in a manner that resource managers can use it. The book offers 
contribution to the challenge of food production and soil management as population 
continues to grow in parts of the world already experiencing food insecurity and 
shrinking arable land. Improved management on existing arable lands is imperative 
to guarantee food security for the increasing population.

Food importation is important to augment production in Africa, Asia, and Latin 
America. Countries in these regions are consequently among the largest net import-
ers of nitrogen, phosphorus, and potassium as well as of virtual water in traded 
agricultural commodities. Nevertheless, soil-fertility decline and water scarcity 
persist in many countries in the regions. Land Use and Soil Resources offers an 
explanation on the driving factors of nutrient and water flows across world regions, 
and the need to factor environmental costs into nutrient and water management.

Irrigation is crucial for crop production in many areas of the world characterized 
by hydrologic scarcity and variability, but poor irrigation practices often saturate 
land with salts and render croplands barren in the long run. Salinization and water-
logging constitute a threat to the sustainability of irrigation projects in both 
developed and developing countries. Land Use and Soil Resources combines 
agronomic and environmental facts in a coherent manner to highlight the conditions 
for the sustainability of irrigation.

The systemic links between cities and rural areas has always posed a formidable 
challenge to humankind vis-à-vis producing enough crops to feed the populace, and 
encroachment of cities on agricultural lands and sensitive ecosystems, amongst 
other problems. As cities develop as centers of nonagricultural production, they 
also introduce pollutants into the environment. Soil pollution in most cities is at 
levels warranting instant and urgent action.

Assessment and management of soil quality for land-use planning is increas-
ingly important due to increasing competition for land among many land uses and 
the transition from subsistence to market-based farming in many countries. The 
major challenges include predicting land-use suitability and assessing land-use 
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impacts on soil quality to sustain land productivity. This book presents methods for 
soil-quality assessment using land-evaluation principles and geospatial information 
technology.

The rate at which soil organic carbon is lost through cultivation and other distur-
bances undermines the role of soils in buffering climate change. Besides, soil 
erosion by water associated with early agriculture is currently the most destructive 
form of soil degradation with profound effects on rural livelihood and environmental 
sustainability. Land Use and Soil Resources documents the strategies to stem 
further soil carbon losses. It also highlights the successes and challenges of soil and 
water conservation measures. Soil management strategies require broader sustainable 
development policy frameworks for success. In the twenty-first century, soils will 
become more important as an economic and social resource. Soil is vital for human 
survival on Earth, but paradoxically our cavalier attitude to this natural resource 
makes its ecosystems one of the most degraded. The task of disseminating knowl-
edge about soils is extremely urgent. The challenges of soil management vis-à-vis 
human well-being are presented in a scientifically coherent manner in this book. 
I count it a great privilege to introduce Land Use and Soil Resources at this crucial 
moment of human history.

Rector, United Nations University, Tokyo Hans van Ginkel
Under-Secretary-General of the United Nations
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Chapter 1
Impact of Land Use on Soil Resources

Ademola K. Braimoh and Paul L.G. Vlek

The land system is a coupled human–environment system comprising land use, land 
cover, and terrestrial ecosystems (Global Land Project, 2005). Land use connects 
humans to the biophysical environment. Conversely, the characteristics and changes 
in the biophysical environment influence our land-use decision-making. Thus, there 
is a continuum of states resulting from the interactions between natural (biophysical) 
and human (social) subsystems of land (Fig. 1.1). Though not always, the dynamics 
of this continuum generally moves toward increasing human dominance and impact. 
Thus, mitigating adverse environmental changes requires an improved knowledge of 
human impact on natural processes of the terrestrial biosphere.

Soil is a basic resource for land use. It is the foundation of all civilizations 
(Hillel, 1992), serves as a major link between climate and biogeochemical systems 
(Yaalon, 2000), supports biodiversity, and plays an important role in the ability of 
ecosystems to provide diverse services necessary for human well-being (Young & 
Crawford, 2004). Thus, soils must not be neglected in any development endeavor 
either at local, regional, or global level.

Good soils are not evenly distributed around the world. Depending on parent 
material, climate, relief, vegetation, and time that determine soil formation, soils 
have inherent constraints that limit their productivity for various uses. Most soil 
constraints are not mutually exclusive. For instance, highly acidic soils with alumi-
num toxicity also have high phosphorus-fixation capacity. The inherent constraints 
of soils for agricultural production vary widely across regions. For example, erosion 
hazard, defined as very steep slopes (>30%) or moderately high slope (8–30%) 
accompanied by a sharp textural contrast within the soil profile, varies from 10% for 
soils of North Africa and Near East to 20% for soils of Europe. On the other hand, 
shallowness, the occurrence of rocks close to the soil surface, varies from 11 percent 
for soils of South and Central America to 23% for soils of North Africa and Near 
East (FAO, 2000).

Human impact is an additional challenge to the inherent constraints of soils to 
support life on earth. Soil degradation is largely an anthropogenic process driven 
by socioeconomic and institutional factors. At the global level, five major human 
causative factors of soil degradation are overgrazing, deforestation, agricultural 
mismanagement, fuelwood consumption, and urbanization (UNEP, 2002). Soil 
degradation often occurs so creepingly to the extent that land managers hardly 
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contemplate initiating timely ameliorative or counterbalance measures (Vlek, 
2005). It is often associated with food insecurity, decline in living standard, social 
upheavals, and the collapse of civilizations (Weiss et al., 1993; Wood, Sebastian, 
& Scherr, 2000).

The past few years have witnessed considerable interest in land-use research as 
a result of the realization of the influence of land-use and land-cover changes on 
Earth System functioning. Land use still faces large-scale changes and modifica-
tions in the near future due to population growth, political and socioeconomic 
changes related to globalization, and changes in land-related policies. Like the 
inherent biophysical constraints, human-induced changes on soil ecosystems are 
highly complex, vary across the world, and are profoundly impacting ecosystem 
services and human well-being. Though not all human impacts are negative, the 
environmental crises associated with adverse land-use changes have created a com-
pelling need for a unifying volume that addresses the multifaceted impacts of land 
use on soils.

This book synthesizes information on the impact of various uses on soils. It is 
written with scientific clarity to inform policies for sustainable soil management. 
In Chapter 2, Smith writes on soil organic carbon (SOC) dynamics and manage-
ment. SOC dynamics, the link between climate and biogeochemical systems, is a 
major pathway to understanding and predicting human impacts on the Earth 
(Yaalon, 2000). SOC losses arise from converting grasslands, forests, or other 
native ecosystems to croplands, or by draining or cultivating organic soils. On the 
other hand, positive impacts on SOC arise from restoring grasslands,  forests, or 
native vegetation on former croplands, or by restoring organic soils to their native 
condition. With growing demand for food, more land is required to produce 
crops, implying greater potentials for SOC losses. Globally, the carbon sink capac-
ity of agricultural and degraded soils is about 50–60% of historical  carbon loss 
(Lal, 2004). While the rate of soil carbon sequestration depends on soil properties, 
climate, and farming practices, Smith argues for a broader sustainable manage-
ment framework for the adoption of successful soil carbon management in devel-
oping countries. This includes policies to encourage fair trade, reduced subsidies 
for agriculture in developed countries, and less onerous interest on loans and for-
eign debts.

Recent estimates indicate that 854 million people are undernourished world-
wide, with the highest proportion (about 61%) residing in Asia and the Pacific 
(FAO, 2003). Sub-Saharan Africa where 10% of the world’s human population 
resides has the highest prevalence of undernourished people of 33%. Food produc-
tion in many developing countries is hampered by decreasing per capita cropland, 
soil nutrient depletion, lack of access to intensification inputs, and lack of enabling 
policy environments that favor smallholders. In Chapter 3, Ramankutty, Foley, and 
Olejniczak review the major changes in global distribution of croplands during the 
twentieth century. Between 1900 and 1990, per capita cropland area decreased from 
0.75 ha to 0.35 ha—less than the minimum 0.5 ha required to provide an adequate 
diet (Lal, 1989). Population growth was not met by a corresponding increase in 
cropland expansion first because increases in food production were achieved by 
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agricultural intensification, and also because cropland expansion did not always 
occur in the regions with the highest population growth. Thus, food security by 
nations with insufficient agricultural production was achieved primarily through 
food aid and trade. As cropland and settlement expansion has claimed prime agri-
cultural land, there is increasing reliance on technology for improved agricultural 
productivity. Even though food production is generally adequate at the global level, 
the global food production system is becoming increasingly vulnerable owing to 
the dependence on technology to increase productivity.

Since the transition from hunting and foraging to agriculture about 10,000 years 
ago, human dependence and impact on soils have become more apparent, with soil 
erosion standing out as the most destructive form of soil degradation. Three epochs 
of soil erosion can be identified since cultivation began in the Fertile Crescent in 
the Middle East (McNeill & Winiwarter, 2004). The first epoch occurred in the 
second millennium BC during the expansion of early river basin civilizations, when 
farmers cleared forested slopes for agriculture. In the next 3,000 years, conversion 
of forests to farmlands also occurred in Africa, Eurasia and the Americas. The sec-
ond epoch occurred during the sixteenth to nineteenth century when the  introduction 
of agricultural machinery (plowshares) in Eurasia, North America, and South 
America accelerated soil erosion on farmers’ fields. The third epoch occurred after 
1945 when rapid population growth amongst other factors encouraged migration 
into tropical rainforests. On the average, the soils of the world have lost 25.3 million 
tons of humus per year since 10,000 years ago. Over the last 300 years the average 
loss was 300 million tons per year. The last 50 years in particular have brought 
human-induced soil resources degradation to exceptionally high levels. On the 
average, 760 million tons of humus has been lost per year in the last half-century 
(Rozanov et al., 1990). Ethiopia in East Africa is among the countries with the 
highest soil erosion rates. Its highlands lose over 1.5 billion tons of topsoil per year, 
leading to a reduction of about 1.5 million tons of grain in the country’s annual 
harvest (Taddese, 2001). While there may be some uncertainties in these statistics, 
the magnitude of soil erosion problem is largely indubitable.

It is noteworthy that from the 1930s, modern soil conservation endeavors 
(mostly sponsored by governments) has broadened significantly (McNeill & 
Winiwarter, 2004), utilizing several techniques, including contour plowing, use 
of cover crops, and conservation tillage. In Chapter 4, Hurni et al. highlight the 
development of agriculture since 1950, and elaborate on progress in soil and 
water  conservation techniques. They reveal that social factors (land tenure secu-
rity, market access, and increased level of participation in decision-making) are 
necessarily involved in soil water conservation. While measures developed for 
modern agricultural systems have begun to show positive impacts, external sup-
port in the form of investment in sustainable land-management technologies is 
still required for small-scale farming. In an empirical study reported in Chapter 
5, Tamene and Vlek applied soil erosion models to identify high-risk areas to tar-
get management intervention in Ethiopia. The model generally predicted higher 
erosion than deposition, implying that soil loss is higher than the amount that 
can be redistributed within the catchments, thereby increasing the potential for 
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sediment export. The study further indicates that a land-use planning approach 
could help reduce erosion problems in Ethiopia, and other parts of the world with 
similar environmental conditions.

Degradation of soils and the depletion of water resources that caused the col-
lapse of irrigation-based societies about 6,000 years ago are threatening the viability 
of irrigation at present. The fact that irrigation is vital for increased productivity is 
well appreciated by farmers, governments, and international donors. However, the 
expansion of irrigation, which had been a principal focus of agricultural develop-
ment for the past few years, has lately been offset by the abandonment of older 
irrigated areas due to depletion of groundwater reserves, waterlogging and salina-
tion, or diversion of water supplies to alternative uses. Chapter 6 by Vlek, Hillel, 
and Braimoh focuses on the prerequisites of sustainable irrigation. The authors 
explain the process of waterlogging and salt buildup and factors that accentuate the 
problems. Case studies on how irrigation problems manifest in different parts of the 
world were also reviewed. The case studies generally indicate the importance of 
early warning systems to detect the onset of problems in irrigated agriculture. The 
prospects of climate change further calls for adroit management of irrigation as 
well as proactive environmental policies. The continuous diminution of good-quality 
water for irrigation calls for stepping up research to produce crop varieties that 
require less water and nutrients and have increased salt tolerance. There is also the 
need to develop economic incentives that encourage water conservation.

The impact of globalization on nutrient and water flows is the focus of Chapter 7 
written by Grote, Craswell, and Vlek. The differences between the nutrient and 
water balance in nutrient- and water-deficit and surplus countries largely reflect the 
large disparities in resources and agricultural policies between less developed and 
industrialized countries, respectively. The international net flows of nitrogen, 
 phosphorus, potassium (NPK) nutrients amounts to about 5 Tg (1 Tg = 1012 g) in 
1997 and are projected to increase to about 9 Tg in 2020. This represents a major 
human-induced perturbation of global nutrient cycles. The major net importers of 
NPK and virtual water in traded agricultural commodities are West Asia/North 
Africa and sub-Saharan Africa. Countries with a net loss of NPK and virtual water 
in agricultural commodities are the major food exporting countries—the USA, 
Australia, Canada, and Latin America. Agricultural trade liberalization and the 
reduction of subsidies could reduce excessive nutrient and water use in nutrient- and 
water-surplus countries and possibly make inputs more affordable to farmers in 
nutrient- and water-deficient countries. Institutional strengthening and infrastruc-
ture development are also required in nutrient- and water-deficient countries. 
Grote, Craswell, and Vlek also advocate factoring environmental costs into nutrient 
and water management.

Despite the fact that sub-Saharan Africa is a major net importer of nutrients, the 
problem of soil-nutrient depletion still persists in the region. Soil-nutrient depletion 
is one of the major causes of food crises in sub-Saharan Africa. Opinions are how-
ever diverse as to the causes of the depletion in the world’s most ancient landmass. 
In Chapter 8, Breman, Fofana, and Mando write on strategies for ameliorating 
nutrient deficiencies in soils of sub-Saharan Africa. They state that farmers in 
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sub-Saharan Africa deplete soils primarily because the soils are poor by nature. 
The extremely poor resource base, unfavorable value–cost ratio, and inadequate 
socioeconomic and policy environments caused the green revolution to bypass 
Africa. Breman, Fofana, and Mando further explain how the redistribution of 
organic matter and the nutrients it contains can help in transitioning agriculture in 
sub-Saharan Africa from extensive to intensive phase.

The concept of soil quality experienced the most rapid adoption in the 1990s as 
a consequence of the effects of land use on the dynamic aspects of soil quality 
indicators (Karlen, 2004). Soil quality is a notion that is much broader, but 
includes the capacity of the soil to supply nutrients, maintain suitable biotic habi-
tat, and resist degradation. Soil quality is the key to agricultural productivity; 
especially in low-input production systems where productivity-enhancing tech-
nologies are largely out of reach of the farmers. Soil quality is not often considered 
a policy objective by policymakers unless soil degradation threatens other devel-
opment objectives (Scherr, 1999). The decline in long-term productivity currently 
constitutes a threat to livelihood in many developing countries, necessitating the 
development of indicators for soil quality management. Methods to assess soil 
quality are discussed by de la Rosa and Sobral in Chapter 9. Acknowledging that 
the task of assessing soil quality is complicated, the authors nonetheless argue for 
an approach based on knowledge derived from agroecological land evaluation. 
They also make a case for the incorporation of spatial information technology in 
soil quality prediction. General trends in soil quality management strategies that 
can be adapted to different farming situations are discussed.

Urban sprawl is a ubiquitous phenomenon in developed and developing countries. 
Globally, urban land-use activities potentially remove about 7% (2.4 million km2) of 
all cultivated systems from agricultural production, of which a proportion is high-qual-
ity farmland (McGranahan et al., 2005). As the world continues to urbanize, we have 
lost contact with soils and the services they provide to sustain life. In Chapter 10, 
Marcotullio, Braimoh, and Onishi provide a review of the multiscale impact of cities 
and urban processes on soils. Though urbanization is not accompanied by economic 
growth in developing countries, soil pollutant contamination in their cities continues to 
increase to levels warranting immediate action. The authors argue for a global assess-
ment of urban soils to  identify the patterns and processes of anthropogenic impacts. 
This should help in developing appropriate intervention measures.
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Chapter 2
Soil Organic Carbon Dynamics 
and Land-Use Change

Pete Smith

Abstract Soils contain more than twice the amount of carbon found in the 
 atmosphere. Historically, soils have lost 40–90 Pg C globally through cultivation 
and disturbance. Current rates of carbon loss due to land-use change are about 1.6 
± 0.8 Pg C y−1, mainly in the tropics. The most effective mechanism for soil carbon 
management would be to halt land-use conversion, but with a growing population 
in the developing world, and changing diets, more land is likely to be required for 
agriculture.

Maximizing the productivity of existing agricultural land and applying best 
management practices to that land would slow the loss of, or is some cases restore, 
soil carbon. However, there are many barriers to implementing best management 
practices, the most significant of which in developing countries are driven by pov-
erty and in some areas exacerbated by a growing population. Management practices 
that also improve food security and profitability are most likely to be adopted. 
Soil carbon management needs to be considered within a broader framework of 
sustainable development. Policies to encourage fair trade, reduced subsidies for 
agriculture in developed countries, and less onerous interest on loans and foreign 
debt would encourage sustainable development, which in turn would encourage the 
adoption of successful soil carbon management in developing countries.

Keywords Soil organic carbon (SOC), land-use change, sequestration, barriers, 
sustainable development, climate mitigation

2.1 Introduction

2.1.1 Soils and the Global Carbon Cycle

Globally, soils contain about 1,500 Pg (1 Pg = 1 Gt = 1015 g) of organic carbon 
(Batjes, 1996), about three times the amount of carbon in vegetation and twice the 
amount in the atmosphere (IPCC, 2000a).

A.K. Braimoh and P.L.G. Vlek (eds.), Land Use and Soil Resources. 9
© Springer Science + Business Media B.V. 2008
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The annual fluxes of CO
2
 from atmosphere to land (global Net Primary Productivity 

[NPP]) and land to atmosphere (respiration and fire) are each of the order of 60 Pg C 
y−1 (IPCC, 2000a). During the 1990s, fossil fuel combustion and cement production 
emitted 6.3 ± 1.3 Pg C y−1 to the atmosphere, whilst land-use change emitted 1.6 ± 
0.8 Pg C y−1 (Schimel et al., 2001; IPCC, 2001). Atmospheric carbon increased at a 
rate of 3.2 ± 0.1 Pg C y−1, the oceans absorbed 2.3 ± 0.8 Pg C y−1 with an estimated 
terrestrial sink of 2.3 ± 1.3 Pg C y−1 (Schimel et al., 2001; IPCC, 2001).

The size of the pool of soil organic carbon (SOC) is therefore large compared to 
gross and net annual fluxes of carbon to and from the terrestrial biosphere. Figure 2.1 
(IPCC, 2001) shows a schematic diagram of the carbon cycle.

2.1.2 Factors Controlling SOC Levels

The level of SOC in a particular soil is determined by many factors including 
climatic factors (e.g., temperature and moisture regime) and edaphic factors (e.g., soil 
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parent material, clay content, cation-exchange capacity). For a given soil type, 
however, SOC stock can also vary, the stock being determined by the balance of net 
carbon inputs to the soil (as organic matter) and net losses of carbon from the soil 
(as carbon dioxide, dissolved organic carbon, and loss through erosion). Carbon 
inputs to the soil are largely determined by the land use, with forest systems tending 
to have the largest input of carbon to the soil (inputs all year round) and often this 
material is also the most recalcitrant. Grasslands also tend to have large inputs, 
though the material is often less recalcitrant than forest litter and the smallest input 
of carbon is often found in croplands which have inputs only when there is a crop 
growing and where the carbon inputs are among the most labile. The smaller input 
of carbon to the soil in croplands also results from removal of biomass in the 
 harvested products, and can be further exacerbated by crop residue removal, by 
tillage which increases SOC loss by breaking open aggregates to expose protected 
organic carbon to weathering and microbial breakdown, and also by changing the 
temperature regime of the soil. Impacts of land-use change on SOC are discussed 
further in Section 2.2.

2.1.3  Historical and Current Losses of SOC due 
to Land-Use Change

Soil carbon pools are smaller now than they were before human intervention. 
Historically, soils have lost between 40 and 90 Pg C globally through cultivation 
and disturbance (Houghton, 1999; Houghton et al., 1999; Schimel, 1995; Lal, 
1999). It is estimated that land-use change emitted 1.6 ± 0.8 Pg C y−1 to the atmos-
phere during the 1990s (IPCC, 2001; Schimel et al. 2001).

2.2 Land-Use Change and SOC Loss

In a recent modeling study examining the potential impacts of climate and land-use 
change on SOC stocks in Europe, land-use change was found to have a larger net 
effect on SOC storage than projected climate change (Smith et al., 2005a). Indeed, 
most long-term experiments on land-use change show significant changes in SOC 
(e.g., Smith et al., 1997, 2000, 2001a, 2002).

Guo and Gifford (2002) conducted a meta-analysis of land-use change experi-
ments and showed that converting forestland or grassland to croplands caused sig-
nificant loss of SOC, whereas conversion of forestry to grassland did not result is 
SOC loss in all cases, though total ecosystem carbon presumably decreased due to 
loss of the tree biomass carbon. Similar results have been found in Brazil, where 
total ecosystem losses are large but the soil carbon does not decrease (Veldkamp,1994; 
Moraes et al., 1995; Neill et al., 1997; Smith et al., 1999), though other studies have 
shown a loss of SOC upon conversion of forest to grassland (e.g., Allen, 1985; 
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Mann, 1986; Detwiller & Hall, 1988). In the most favorable case, only about 10% 
of the total ecosystem carbon lost after deforestation (due to tree removal, burning, 
etc.) can be recovered (Fearnside, 1997; Neill et al., 1997; Smith et al., 1999).

The largest per-area losses of SOC occur when organic soils (e.g., peatlands) are 
drained, cultivated, or limed. Organic soils hold enormous quantities of SOC, 
accounting for 329–525 Pg C, or 15–35% of the total terrestrial carbon (Maltby & 
Immirizi, 1993), with about one-fifth (70 Pg) located in the tropics. Studies of culti-
vated peats in Europe show that cultivated organic soils can lose significant amounts 
of SOC through oxidation and subsidence; between 0.8 and 8.3 t C ha−1 y−1 (Nykänen 
et al., 1995; Maljanen et al., 2001, 2004; Lohila et al., 2004; ). The potential for SOC 
loss from land-use change on highly organic soils is therefore very large.

In short, negative impacts on SOC arise from converting grasslands, forests, or 
other native ecosystems to croplands, or by draining, cultivating, or liming highly 
organic soils. Positive impacts on SOC arise from restoring grasslands, forests, or 
native vegetation on former croplands, or by restoring organic soils to their native 
condition. On managed land, best management practices that increase carbon inputs 
to the soil (e.g., improved residue and manure management) or reduce losses (e.g., 
reduced impact tillage, reduced residue removal) help to maintain or increase SOC 
levels. Management practices to increase SOC storage are discussed in Section 2.3.

The most effective mechanism to reduce SOC losses would be to halt land con-
version to agriculture, but with population growing and diets changing in develop-
ing countries (Smith et al., 2006b), more land is likely to be required for agriculture. 
To meet growing and changing food demands without encouraging land conversion 
to agriculture will require productivity on current agricultural land to be increased. 
In addition to increasing agricultural productivity, there are a number of other man-
agement practices that can be used to prevent SOC loss. These are described in 
more detail in Section 2.3.

2.3  Land-Use Change and Land Management 
to Restore/Sequester SOC

2.3.1 Global Potential for Soil Carbon Sequestration

Soil carbon sequestration can be achieved by increasing the net flux of carbon 
from the atmosphere to the terrestrial biosphere by increasing global NPP (thus 
increasing carbon inputs to the soil), by storing a larger proportion of the carbon 
from NPP in the longer-term carbon pools in the soil, or by slowing decomposi-
tion. For soil carbon sinks, the best options are to increase carbon stocks in soils 
that have been depleted in carbon, that is, agricultural soils and degraded soils (see 
Section 2.2).

Estimates of the potential for additional soil carbon sequestration vary widely. 
Based on studies in European cropland (Smith et al., 2000), US cropland (Lal et al., 
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1998), global degraded lands (Lal, 2001), and global estimates (Cole et al., 1996; 
IPCC, 2000a), an estimate of global soil carbon sequestration potential is 0.9 ± 
0.3 Pg C y−1 was made by Lal (2004a, 2004b), between a one-third and one-fourth 
of the annual increase in atmospheric carbon levels. Over 50 years, the level of car-
bon sequestration suggested by Lal (2004a) would restore a large part of the carbon 
lost from soils historically.

The most recent estimate (Smith et al., 2007a) is that the technical potential for 
SOC sequestration globally is around 1.3 Pg C y−1 but this is very unlikely to be 
realized. Economic potentials for SOC sequestration estimated by Smith et al. 
(2007a) were 0.4, 0.6, and 0.7 Pg C y−1 at carbon prices of US$0–20, US$0–50, and 
US$0–100 tons CO

2
-equavalent−1, respectively. At reasonable carbon prices, then, 

global soil carbon sequestration seems to be limited to around 0.4–0.7 Pg C y−1. The 
estimates for carbon sequestration potential in soils are of the same order as for 
forest trees, which could sequester between about 1 and 2 Pg C y−1 (Trexler, 1988 
[cited in Metting, Smith, & Amthor 1999]; IPCC, 1996).

Many reviews have been published recently discussing options available for soil 
carbon sequestration and mitigation potentials (e.g., Lal et al., 1998; Metting et al., 
1999; Nabuurs et al., 1999; Follett et al., 2000; Smith et al., 2000; IPCC, 2000a; 
Cannell, 2003; Freibauer et al., 2004; Lal, 2004a; Smith et al., 2007a). Table 2.1 
summarizes the main soil carbon sequestration options available.

Most of the estimates for the sequestration potential of activities listed in Table 
2.1 range from about 0.3 to 0.8 t C ha−1 y−1, but some estimates are outside this 
range (Nabuurs et al., 1999; Follett et al., 2000; IPCC, 2000a; Smith et al., 2000, 
2007a; Lal, 2004a; ). When considering soil carbon sequestration options, it is 
important also to consider other side effects, including the emission of other green-
house gases. Smith et al. (2001b, 2007a) showed that as much as one-half of the 
climate mitigation potential of some carbon sequestration options could be lost 
when increased emissions of other greenhouse gases (nitrous oxide [N

2
O] and 

methane [CH
4
]) were included, and Robertson et al. (2000) have shown that some 

practices that are beneficial for SOC sequestration, may not be beneficial when all 
greenhouse gases are considered.

One also needs to consider the trade-off between different sources of carbon 
dioxide. For example, nitrogen fertilizer production has an associated carbon cost, 
and some authors have argued that the additional carbon sequestration for increased 
production is outweighed by the carbon cost in producing the fertilizer (Schlesinger, 
1999). However, other studies in developing countries suggest that when account-
ing for increased production per unit of land allowed by increased fertilizer use, and 
the consequent avoided use of new land for agriculture, that there is a significant 
carbon benefit associated with increased fertilizer use in these countries (Vlek 
et al., 2004).

Soil carbon sinks resulting from sequestration activities are not permanent and 
will continue only for as long as appropriate management practices are maintained. 
If a land-management or land-use change is reversed, the carbon accumulated will 
be lost, usually more rapidly than it was accumulated (Smith et al., 1996). For the 
greatest potential of soil carbon sequestration to be realized, new carbon sinks, once 
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established, need to be preserved in perpetuity. Within the Kyoto Protocol, mecha-
nisms have been suggested to provide disincentives for sink reversal that is, when 
land is entered into the Kyoto process it has to continue to be accounted for and any 
sink reversal will result in a loss of carbon credits.

Table 2.1 Soil carbon sequestration practices and the mechanisms by which they increase SOC 
levels

  Specific  
  management Increase  Decrease  Reduce
Activity Practice change C inputs C losses disturbance

Cropland Agronomy Increased  X  
 management   productivity
  Rotations X  
  Catch crops X  
  Less fallow X  
  More legumes X  
  Deintensification   X
  Improved cultivars X  
 Nutrient  Fertilizer  X  
  management  placement
  Fertilizer timing X  
 Tillage/residue  Reduced tillage   X
  management
  Zero tillage   X
  Reduced residue  X  X
   removal
  Reduced residue  X  X
   burning
 Upland water  Irrigation X  
  management
  Drainage X  
 Set-aside and  Set aside X  X
  land-use change
  Wetlands X X 
 Agroforestry Tree crops inc. X  X
   Shelterbelts etc.
Grazing land  Livestock grazing  Livestock grazing  X 
 management  intensity  intensity
 Fertilization Fertilization X  
 Fire management Fire management  X 
 Species introduction Species  X  
   introduction 
 More legumes More legumes X  
 Increased  Increased  X  
  productivity  productivity
Organic soils Restoration Rewetting/  X X
   abandonment
Degraded lands Restoration Restoration X X X
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Soil carbon sinks increase most rapidly soon after a carbon enhancing land-
 management change has been implemented, but soil carbon levels may decrease 
initially if there is significant disturbance (e.g., when land is afforested). Sink 
strength, that is, the rate at which carbon is removed from the atmosphere, in soil 
becomes smaller with time, as the soil carbon stock approaches a new equilibrium. 
At equilibrium, the sink has saturated—the carbon stock may have increased, but 
the sink strength has decreased to zero (Smith, 2004).

The time taken for sink saturation (i.e., new equilibrium) to occur is highly 
 variable. The period for soils in a temperate location to reach a new equilibrium 
after a land-use change is around 100 years (Jenkinson, 1988; Smith et al., 1996) 
but  tropical soils may reach equilibrium more quickly. Soils in boreal regions may 
take centuries to approach a new equilibrium. As a compromise, current 
Intergovernmental Panel on Climate Change (IPCC) good practice guidelines for 
greenhouse gas inventories use a figure of 20 years for soil carbon to approach a 
new equilibrium (IPCC, 1997; Paustian et al., 1997).

2.3.2  Soil Carbon Sequestration to Help Meet Atmospheric 
Co

2
 Concentration Stabilization Targets

The current annual emission of CO
2
-carbon to the atmosphere is 6.3 ± 1.3 Pg C y−1. 

Carbon emission gaps by 2100 could be as high as 25 Pg C y−1 meaning that the 
carbon emission problem could be up to four times greater than at present. The 
maximum annual global carbon sequestration potential = 0.9 ± 0.3 Pg C y−1 mean-
ing that even if these rates could be maintained until 2100, soil carbon sequestration 
would contribute a maximum of 2–5% toward reducing the carbon emission gap 
under the highest emission scenarios. When we also consider the limited duration 
of carbon sequestration options in removing carbon from the atmosphere, we see 
that carbon sequestration could play only a minor role in closing the emission gap 
by 2100. It is clear from these figures that if we wish to stabilize atmospheric CO

2
 

concentrations by 2100, the increased global population and its increased energy 
demand can only be supported if there is a large-scale switch to non-carbon- emitting 
technologies for producing energy.

Given that soil carbon sequestration can play only a minor role in closing the 
carbon emission gap by 2100, is there any role for carbon sequestration in climate 
mitigation in the future? The answer is yes. If atmospheric CO

2
 levels are to be sta-

bilized at reasonable concentrations by 2100 (e.g., 450–650 ppm), drastic  reductions 
in emissions are required over the next 20–30 years (IPCC, 2000b). During this 
critical period, all measures to reduce net carbon emissions to the atmosphere 
would play an important role—there will be no single solution (IPCC, 2000b). 
Given that carbon sequestration is likely to be most effective in its first 20 years of 
implementation, it should form a central role in any portfolio of measures to reduce 
atmospheric CO

2
 concentrations over the next 20–30 years whilst new energy tech-

nologies are developed and implemented (Smith, 2004).
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2.4  Overcoming Barriers to Implementing Best Management 
Practices for Enhancing SOC Stocks

There are a number of barriers that may prevent best management practices for soil 
carbon being implemented. These fall into five categories—economic, risk-related, 
political/bureaucratic, logistical, and educational/societal barriers. Some of the 
most important barriers to implementation are given in Table 2.2. Trines et al. 
(2006) considered barriers preventing a range of agricultural and forestry green-
house gas mitigation measures (including soil carbon sequestration) in developed 
countries, developing countries, and countries with economies in transition.

Transaction and monitoring costs can be barriers in all regions of the world, but 
other economic barriers, such as cost of land, are important barriers mostly in 
developing countries and countries with economies in transition, even though some 
landowners in industrialized parts of the world with high population densities may 
argue that the establishment of shopping malls and condominium developments is 
economically more appealing.

In developing countries, continued poverty, lack of existing capacity, and 
 population growth continue to prevent application of management practices that 
optimize yields and profits, before even considering mitigation. Because of 
 continued population growth in developing countries, competition from other land 
use is a barrier to implementation. In developed countries, competition from other 
land uses is a serious barrier, in particular for dedicated bioenergy crop production 
and practices that require agriculture to be abandoned in particular areas, such as 

Table 2.2 Main barriers to implanting successful soil carbon management strategies

Broad category of barrier Barrier

Economic Cost of land
 Competing land use
 Continued poverty
 Lack of existing capacity
 (Low) price of carbon
 Population growth
 Transaction costs
 Monitoring costs
Risk-related Delay on returns/Slow system response/Permanence
 Leakage/fire/natural variation
Political/bureaucratic Lack of political will
 Slow land-planning bureaucracy
 Accounting rules complex/unclear and loopholes
Logistical Different or scattered owners/different interests
 Large areas unmanaged
 Inaccessible areas
 Biological unsuitability
Educational/societal Stakeholder perception
 Traditional sector
 Sector/legislation is new
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on highly organic soils. In developed countries, a limitation on the applicability of 
mitigation measures can be that agriculture is already managed relatively effec-
tively, for example, with respect to fertilization, whilst in other parts of developed 
countries significant potential for mitigation still exists (Richards et al., 2006).

The characteristics of risk-related barriers are similar in all regions. The delay in 
returns from investment in mitigation and the possibility of leakage/sink reversal 
increase the risk to farmers and land managers in all economic regions.

The lack of political will to encourage mitigation is a significant factor in all 
economic regions. Smith et al. (2007b) showed that most mitigation that currently 
occurs is a co-benefit of non-climate policy, often via other environmental policies 
put in place to promote water quality, air quality, soil fertility, conservation benefits, 
etc. Indeed, Smith et al. (2005b) showed that even in developed countries (the 
European Union), little of agriculture’s mitigation potential is projected to be 
 realized by 2010 due to lack of incentives to encourage mitigation practices. 
Bureaucracy can be a significant barrier in all regions, but is especially prevalent in 
areas where land-planning decisions are slow.

Large unmanaged areas and inaccessibility are barriers mainly in developing 
countries and countries with economies in transition, with most developed coun-
tries having a communications and transport infrastructure to minimize this barrier, 
despite the very large areas covered by some developed countries.

In terms of educational/societal barriers, traditional practice and stakeholder 
perception continue to be barriers in all economic regions, though the regional 
characteristics of these barriers vary greatly. Stakeholder perception is also very 
different in different regions. Barriers concerning the implementation of bioen-
ergy provide a good example of regional differences. Traditional bioenergy in 
many developing countries is regarded as a “poor person’s fuel” which presents a 
barrier to its use, whilst in many developed countries, there may be some public 
resistance to dedicated energy crop monocultures due to their perceived aesthetic 
impact in rural areas. Barriers may present differently in different regions.

In addition to the barriers presented under the general categories earlier, many 
potential mitigation measures present very specific barriers. For example, irrigation 
might increase productivity and thus return more carbon to the soil, thereby seques-
tering soil carbon. However, in arid areas, competition for water may be a signifi-
cant barrier. Whilst this will affect arid regions of developed countries, it is likely 
to present the greatest barrier in arid developing countries. There are also trade-offs 
between measures, such as use of animal manure for energy production (dung burn-
ing in the developing world) or use as a soil amendment. Such barriers are also 
more likely to arise in developing countries. Smith et al. (2007b) reviewed some of 
these trade-offs in more detail.

Overcoming the barrier of competition with other land uses will necessitate a 
holistic consideration of mitigation potential for the land-use sector. It is important 
that forestry and agricultural land management options are considered within the 
same framework to optimize mitigation solutions. Costs of verification and moni-
toring could be reduced by clear guidelines on how to measure, report, and verify 
greenhouse gas emissions from agriculture. Transaction costs, on the other hand, 
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will be more difficult to address. The process of passing the money and obligations 
back and forth involves substantial transaction costs, which increases with the 
number of participants. Given the large number of smallholders in many developing 
countries, the transaction costs are likely to be higher even than in developed coun-
tries, where costs can amount to 25% of the market price (Smith et al., 2007b). 
Organizations such as farmers’ collectives, may help to reduce this significant bar-
rier. Farmers in developing countries are in touch with each other, through local 
magazines or community meetings, providing forums for these groups to set up 
consortia of interested forefront players. In order for these collectives to work, 
regimes need to be in place already and it is essential that the credits are actually 
paid to the local owner.

For a number of practices, especially those involving carbon sequestration, risk-
related barriers such as delay on returns and potential for leakage and sink reversal, 
can be significant barriers. Education, emphasizing the long-term nature of the 
sink, could help to overcome this barrier, but fiscal policies (guaranteed markets, 
risk insurance) might also be required.

Education/societal barriers affect many practices in many regions. There is often 
a societal preference for traditional farming practices and where mitigation meas-
ures alter traditional practice radically (not all practices do), education would help 
to reduce barriers to their implementation.

In summary, the most significant barriers to implementation of mitigation meas-
ures in developing countries (and for some economies in transition) are economic, 
mostly driven by poverty, which is some areas may be exacerbated by a growing 
population. In developing countries, many farmers/land managers are poor and 
struggle to make a living from agriculture, with issues of food security and child 
malnutrition still prevalent in poor countries (Conway & Toenniessen, 1999). Given 
the challenges many farmers in developing countries are already facing, soil carbon 
sequestration is a low priority. To begin to overcome these barriers within the agri-
cultural sector, global sharing of innovative technologies for efficient use of land 
resources and agricultural chemicals, to eliminate poverty and malnutrition, will 
significantly help in removing barriers that currently prevent implementation of 
mitigation measures in agriculture (Smith et al., 2007b). Capacity building and 
education in the use of innovative technologies and best management practices 
would also serve to reduce the barriers.

More broadly, macroeconomic policies to reduce debt and to alleviate poverty 
in developing countries, through encouraging sustainable economic growth and 
sustainable development, would serve to remove barriers to the implementation 
of climate mitigation measures in agriculture. Farmers can only be expected to 
consider carbon sequestration when the threat of poverty and hunger are removed. 
Sequestration measures, however, may also improve food security and profitabil-
ity (Lal, 2004b) and such measures are more favorable than those which have no 
economic or agronomic benefit. Such practices are often referred to as “win–win” 
options, and strategies to implement such measures can be encouraged on a “no 
regrets” basis (Smith & Powlson, 2003; Smith, 2004; Lal, 2004b).
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2.5 Conclusions

Soil carbon sequestration is a process under the control of human management 
and, as such, the social dimension needs to be considered when implementing 
soil carbon sequestration practices. Since there will be increasing competition 
for limited land resources in the coming century, soil carbon sequestration 
 cannot be viewed in isolation from other environmental and social needs. The 
IPCC (2001) have noted that global, regional, and local environmental issues 
such as climate change, loss of biodiversity, desertification, stratospheric ozone 
depletion, regional acid deposition, and local air quality are inextricably linked. 
Soil carbon sequestration measures clearly belong in this list. The importance of 
integrated approaches to sustainable environmental management is becoming 
ever clearer.

In any scenario, there will be winners and losers. The key to increasing soil 
carbon sequestration, as part of wider programs to enhance sustainability, is to 
maximize the number of winners and minimize the number of losers. One possi-
bility for improving the social/cultural acceptability of soil carbon sequestration 
measures, would be to include compensation costs for losers when costing imple-
mentation strategies. By far the best option however, is to identify win–win 
measures, that is, those which increase carbon stocks whilst at the same time 
improving other aspects of the environment (e.g., improved soil fertility, 
decreased erosion, or greater profitability), through, for example, improved yield 
of agricultural or forestry products. There are a number of management practices 
available that could be implemented to protect and enhance existing carbon sinks 
now, and in the future, that is, a no-regrets policy. Smith and Powlson (2003) 
developed these arguments for soil sustainability, but the no-regrets policy option 
is equally applicable to soil carbon sequestration. Since such practices are 
 consistent with, and may even be encouraged by, many current international 
agreements and conventions, their rapid adoption should be encouraged as widely 
as possible.

Carbon sequestration measures should be considered within a broader frame-
work of sustainable development. Policies to encourage sustainable development 
will make soil carbon sequestration in developing countries more achievable. 
Current macroeconomic frameworks do not currently support sustainable develop-
ment policies at the local level. Policies to encourage fair trade, reduced subsidies 
for agriculture in developed countries, and less onerous interest on loans and 
 foreign debt would encourage sustainable development, which in turn would 
 provide an environment in which carbon sequestration could be considered in 
developing countries (Trines et al., 2006).
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Chapter 3
Land-Use Change and Global Food Production1

Navin Ramankutty, Jonathan A. Foley, and Nicholas J. Olejniczak

Abstract This study reviews the major changes in global distribution of croplands 
during the twentieth century, when the cropland base diminished greatly (from 
~0.75 ha/person in 1900 to ~0.35 ha/person in 1990). This loss of croplands was 
not globally uniform: more than half the world’s population, living in developing 
nations, lost nearly two-thirds of their per capita cropland base. The distribution of 
croplands has become increasingly skewed—in 1990, 80% of the population lived 
off less than 0.35 ha/person. While agricultural yields have generally increased, 
they have barely kept pace with population growth in developing nations. Overall, 
the global food production system is becoming increasingly vulnerable to regional 
disruptions because of our increasing reliance on expensive technological options 
to increase agricultural production, or on global food trade.

3.1 Introduction

The global land base is fundamental to our success as a civilization. Croplands 
are the sites of world food production, savannas and grasslands provide areas for 
grazing, and forests and woodlands are sources of fuelwood, paper, timber, and 
pharmaceutical products. Yet we have a poor understanding of the condition of 
these crucial land resources. In this chapter we review the recent history of human 
agricultural activities across the globe, focusing on the worldwide spread and 
intensification of cropland ecosystems that has occurred in the last century.

1 This chapter is a reprint of an earlier publication: Ramankutty, N., Foley, J. A., and Olejniczak 
N. J. (2002). People on the land: Changes in population and global croplands during the 20th 
 century, Ambio, 31(3), 251–257. Section 3.4 on “Agricultural Production” has been rewritten, the 
corresponding numbers in Table 3.1 have been updated, and a new figure (Fig. 3.7) has been 
added.
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3.2 Where Does Our Food Come From?

One of the clearest manifestations of human activity within the biosphere has been 
the conversion of natural landscapes to highly managed ecosystems, such as crop-
lands, pastures, forest plantations, and urban areas. Until recently, however, we 
have only had rough estimates of the extent of human-dominated landscapes. For 
example, Turner II et al. (1993) indicated that roughly 1.4–1.5 billion ha (an area 
nearly the size of South America) is in some form of cultivation, whereas about 
7 billion ha (nearly half the global land surface area) is in pasture and grassland. 
While these types of estimates are useful, they only indicate the extent of land use 
within gross national units. More spatially explicit accounts of land-use practices, 
with greater geographic detail, are needed to evaluate the environmental impact.

Ramankutty and Foley (1998) presented a new technique for documenting and 
monitoring cropland areas around the world. The method reconciles satellite-based 
land-cover imagery and worldwide agricultural census data using a simple statisti-
cal technique. The IGBP-DIS 1-km land-cover data set (Belward & Loveland, 
1996) was fused with numerous agricultural census records compiled by interna-
tional and national organizations to create a geographically explicit global map of 
current croplands (Fig. 3.1).

A major advantage of the technique is that satellite data provides information on 
the spatial distribution of croplands, whereas statistical analysis reconciles satellite 
and census information. The Ramankutty and Foley (1998) data set indicates that 
roughly 1.8 billion ha (approximately 12% of the global land surface area) was in 
cultivation in the 1990s. This number is on the high end of the 1.5–1.8 billion ha 
reported by other sources (Matthews, 1983; Richards, 1990; Klein Goldewijk, 
2001; FAO, 2004). It should be noted that several studies have shown that official 
statistics may be underreporting agricultural land area—by as much as 50% in 
some regions (US Department of Agriculture, 1991; Frolking et al., 1999; Seto et al., 
2000). Nevertheless, if the Ramankutty and Foley (1998) global total cropland area 
is an overestimate, the spatial distribution of crop cover is reasonable.

We now present a brief discussion of agricultural geography for 16 regions of 
the world, with information compiled from numerous sources (Richards, 1990; US 
Department of Agriculture, 1994; Ramankutty and Foley, 1998; Central Intelligence 
Agency, 1999). The geographic distribution of croplands shows that the major 
 cultivation zones of the world lie in regions with agriculturally productive soils and 
adequate climate conditions (Ramankutty, 2000). The breadbaskets of the world 
include the Corn Belt of the USA, the Prairie Provinces of Canada, the wheat–corn 
belt of Europe, paddy in the Ganges floodplain, the wheat- and rice-growing 
regions of eastern China, the grain-growing regions of the Pampas in Argentina, 
and the wheat belts of Australia. Less dense cultivation occurs throughout much of 
the developed world, whereas large portions of Africa are characterized by low- to 
moderate-intensity subsistence agriculture. Croplands are largely absent in regions 
characterized by extremely dry or cold climates. For instance, croplands are virtu-
ally absent in the subtropical deserts, high alpine regions, and high-latitude zones.
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The current extent and intensity of crop cover is a relatively new feature on the 
Earth’s surface. For example, Richards (1990) estimated that there has been greater 
expansion of cropland areas since World War II than in the eighteenth and early nine-
teenth centuries combined. Even though many authors have recognized the impor-
tance of such large-scale land-use activities, relatively few studies have attempted to 
quantify the history of human land-use and land-cover change within the biosphere.

Ramankutty and Foley (1999) reconstructed a historical (from 1700 to 1992), 
geographically explicit data set of cropland areas for the entire globe (Fig. 3.1). This 
data set was created by statistically combining the 1990s’ croplands data set (dis-
cussed in Section 3.2) with historical cropland census data (for the last three centu-
ries). Results indicate that croplands expanded by 50% during the twentieth century, 
from roughly 1.2 million ha in 1900 to 1.8 billion ha in 1990. This net increase in 
cropland area includes the abandonment of 222 million ha of cropland since 1900.

From this historical data set, we selected data over the 1900–1990 period for the 
analysis in this study. The general pattern of global crop-cover change shown in this 
data set (Fig. 3.1) is consistent with the history of human civilizations as well as the 
patterns of economic development and European settlement (Robertson, 1956; 
Grigg, 1974; Richards, 1990). The regions of the world with a long history of 
 agricultural practice—Europe, India, China, and Africa—had extensive crop cover 
in 1900. Cultivation occurred in eastern North America and southeastern Australia 
following European settlement.

We now summarize three periods of cropland expansion during the twentieth 
century:

3.2.1 1900–1930

Agriculture in North America migrated westward, with intensification of farming 
in the Corn Belt in the USA, and cultivation of the Prairie Provinces in Canada. We 
also see extensive cropland abandonment extending all the way from New England 
and the Mid-Atlantic states to the Midwestern USA. The Pampas grassland region 
in Argentina was cleared for crops during this period; parts of Brazil were also 
beginning to be cultivated. By 1930, cultivation began in southwestern Australia. 
The rest of the world gradually intensified its cultivation during this time. Some 
croplands in northeast India were also abandoned.

3.2.2 1930–1960

There was further intensification of crop cover in the American Corn Belt and the 
Canadian Prairie Provinces. However, cropland abandonment became more  extensive 
in the eastern parts of North America, extending into the southern coastal plains. We 
see some clearing along the Paranaíba River in Brazil, along with some cropland 
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abandonment to the west. After 1930, crop cover in the Pampas region stabilized and 
even decreased. The “Virgin Lands” project of the Former Soviet Union [FSU here-
after] led to an intensification of croplands there (although, the data set misrepresents 
the spatial pattern of this change due to the lack of subnational data; it ought to be an 
eastward movement of croplands rather than an  intensification). While the rate of 
cropland change increased in the FSU, cropland expansion slowed down in Europe. 
Cultivation also intensified in India and China, although some cropland abandonment 
is also seen in India, in the northeast and the southeastern coastal regions. Clearing 
for croplands intensified in Southeast Asia and Oceania.

3.2.3 1960–1990

The most significant change in croplands was the expansion in southeast Brazil. 
Cropland abandonment continued in the Pampas. Cropland expansion slowed down 
in the Midwestern USA, while abandonment in the eastern portions continued. 
Cropland areas in northern Europe, the FSU, and China stabilized and even 
decreased in some regions, while it expanded in portions of northeast China. Some 
croplands were abandoned in Japan. Parts of India continued to clear for crops, 
while others abandoned croplands. Clearing for cultivation continued in Southeast 
Asia and Oceania.

We now compare the twentieth-century cropland cover across 16 major regions 
of the world (Fig. 3.2). As a fraction of total land area, Eastern Europe is the most 
extensively cultivated region in the world, with more than half its land area in crop 
cover. However, in absolute terms, the FSU has the largest cropland area. The great-
est expansion of croplands in the twentieth century (in absolute amounts) also 
occurred in the FSU (mainly during expansion into the Virgin Lands) and in northern 
South America (in the last 50 years, with cultivation in the Brazilian highlands). 
However, as a percentage of total land area, the greatest cropland expansion occurred 
in South and Southeast Asia (11% and 18% of their total land area  respectively was 
cleared for cultivation during the twentieth century). In these regions, cropland areas 
increased exponentially matching an exponentially growing population.

3.3 The Cropland Base

The ability of a region of the world to produce or access food is determined by three 
factors: (1) availability of an adequate amount of productive cropland, (2) the abil-
ity to maintain high crop yields on that land (often with the aid of expensive inputs, 
such as fertilizers, pesticides, and irrigation), or (3) the ability to purchase and 
import food from other regions. Other factors such as the economics of food supply 
within the region and the purchasing ability of individuals and families within each 
region are also important, but are outside the scope of this chapter.
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First, we examine the availability of productive cropland around the world. 
Specifically, we look at the changes in amount of cropland area per person over the 
twentieth century. Per capita cropland area is an important measure of a region’s 
land base.

3.3.1 Changes in Human Population

During the twentieth century, the world population more than tripled, increasing 
from approximately 1.5 billion people in 1900 to 5.2 billion in 1990 (Klein 
Goldewijk, personal communication, 1999). The world’s current population of 
about 6 billion, and is estimated to increase to 8.9 billion by 2050 (United Nations, 
2000). In addition to the overall global increases in population, the geographic 
 distribution of human population underwent massive changes during the twentieth 
century (Fig. 3.3). For example, between 1900 and 1990, the population of northern 
South America increased by 214 million (681%), compared to the global average 
population increase of 3,700 million, 236% (Fig. 3.3). Overall, South Asia and China, 
Mongolia, and North Korea increased in population most rapidly (845 million and 
774 million respectively); Canada, Argentina, Chile, and Uruguay had the slowest 
rates of population growth.

Increasing human population has undoubtedly driven global changes in land 
cover. However, land-cover change attains global significance through the cumula-
tive addition of locally specific changes (Turner II et al., 1993). Thus, we examine 
the regional relationships between population change and crop-cover change.

3.3.2 The Changing Distribution of Cropland Resource

Comparing the population and amount of cultivated land in 16 major regions of 
the world (Fig. 3.4), we find that, in general, regions with higher populations have 
larger cropland areas. The nature of this relationship has not changed over the 
twentieth century because it is the greater demand from growing populations that 
has led to cropland expansion. Furthermore, people tend to live near regions that 
are agriculturally productive; historically, cities were located close to the major 
food production centers of the world.

However, the wide scatter around the general linear relationship also reveals an 
uneven distribution of the cropland base (Fig. 3.4). Developed countries such as the 
USA and the FSU, with roughly 10–13% of the world population, contain nearly a 
third of the global cropland area. On the other hand, the populous and poorer 
nations of the world such as China, Mongolia, and North Korea and South Asia, 
with roughly 45% of the global population, have only a quarter to a third of the 
global cropland area.

A good indicator of the global distribution of cropland resources is the per capita 
cropland area (Fig. 3.5). The twentieth-century changes in per capita cropland area 
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Fig. 3.4 The population of 16 major regions of the world plotted against their cropland area in 
1900 and 1990. The dotted line diagonally cutting across the figure represents the global average 
per capita cropland area in 1900 and 1990. Regions of the world that lie in the blue section of 
the figure (and represented by blue circles) have relatively higher per capita cropland area, while 
the regions of the world in pink (and represented by red circles) have lower per capita cropland 
area with respect to the global average. The global distribution of croplands is skewed: the USA 
and the FSU, with roughly 10–13% of the world population, have nearly a third of the global 
cropland area, while China, Mongolia, North Korea, and South Asia, with roughly 45% of the 
global population, have only a quarter to a third of the global cropland area
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in the 16 regions of the world show that population growth was not met by a corre-
sponding increase in cropland expansion both globally and regionally. This is 
 primarily due to two factors. Reason one is that most of the twentieth-century 
increases in food production were achieved by increased productivity on cultivated 
land (i.e., by higher yields per unit land area through the use of fertilizers, mecha-
nization, pesticides, and irrigation) Thus, the per capita cropland area decreased in 
all regions of the world during the twentieth century except in northern South 
America (Fig. 3.5) (in northern South America, it increased from 1900 to 1930, but 
decreased afterward, and was still higher in 1990 than in 1900). Globally, the per 
capita cropland area decreased by more than half, from around 0.75 ha/person in 
1900 to only 0.35 ha/person in 1990.

The second reason is that expansion of cropland area did not always occur in the 
regions with the highest population growth. For example, the FSU had the greatest 
cropland expansion in the twentieth century (Fig. 3.2), but its population growth 
was lower than in all the developing nations (Fig. 3.3). On the other hand, South 
Asia, which had the greatest population increase in the twentieth century, did not 
have a commensurate expansion of cropland area (Figs. 3.2 and 3.3). Increased 
food demand in South Asia was met by a large increase in land productivity during 
the Green Revolution (and besides, fish forms a large portion of the diet). In northern 
South America, cropland expansion was so large that there was more cropland per 
person at the end of the century than in 1900. Increased global trade and food aid 
during the twentieth century undoubtedly provided food to the nations without 
sufficient cropland base.

It is estimated that a minimum cropland area of 0.5 ha/person is required to 
 provide an adequate diet (Lal, 1989). Of course, this makes certain assumptions 
about the climatic and soil conditions, and about the level of technology used. 
However, it is a rough, but useful, number to compare against the cropland base of 
the different regions of the world during the twentieth century. Canada had the 
greatest per capita cropland area during the twentieth century (3.4 ha/person, on 
average), followed by the FSU, Argentina, Chile, and Uruguay, and the USA 
(roughly 1.5–1.6 ha person). Japan had the lowest per capita cropland base of 
0.07 ha person, which is almost 50 times smaller than that of Canada. The greatest 
loss of per capita cropland was observed in Canada and the USA. In these coun-
tries, cropland areas stabilized during the latter half of the twentieth century 
whereas populations continued to increase. However, these regions already have a 
large share of the world’s cropland base, and relatively fewer people live there.

In relative terms, tropical Africa, South Asia, China, Mongolia, North Korea, 
Mexico, Central America, the Middle East, and the USA experienced the greatest 
loss of per capita cropland area during the twentieth century (losing nearly 
two-thirds between 1900 and 1990). All these regions except for the USA had less 
than 0.5 ha of cropland per person by 1990. Also, tropical Africa, South Asia, 
China, Mongolia, and North Korea host more than half of the world’s population 
and are also relatively poor.

The scarcity of the cropland base can be better illustrated by examining the 
 distribution of human numbers versus per capita cropland area (Fig. 3.6). In 1900, 
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more than one billion people (74% of the 1900 population) lived below the 1900 
global average per capita cropland area of 0.75 ha/person. In 1990, the global 
 average cropland per capita itself decreased to 0.35 ha/person. And in 1990, more 
than four billion people (nearly 80% of the 1990 population) possessed less than 
0.35 ha of cropland per person. Eight regions of the world fall in this category, and 
five of them—North and tropical Africa, China, Mongolia, North Korea, South 
Asia, and Southeast Asia—comprise the developing nations of the world. The 
remaining three regions in this category—Japan, OECD Europe, and the Middle 
East—are probably wealthy enough to import their food. Furthermore, fish and 
other seafoods constitute a large proportion of Japanese diets. On the other hand, 
in 1990, roughly 10% of the global population (living in the developed nations 
like the USA and the FSU) enjoyed greater than 0.8 ha of cropland per person. 
In comparison to the estimated minimum cropland area requirement, there were 
800  million people in 1900 (52% of the 1900 population) with less than 0.5 ha/person, 
while in 1990, there were 4.5 billion people (87% of the 1990 population) with less 
than 0.5 ha/person. Thus, during the twentieth century, the trend indicates that more 
people (mostly living in developing nations) are living off less land area.

A major caveat regarding the above analysis is that though the level of agro-
technology may be essentially similar, the same land area in different parts of the 
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Fig. 3.7 Per capita food production in 16 major regions of the world in 1990 and 2003. Several 
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tion rates compared to the global average to begin with, while the latter two regions are wealthy 
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world can produce significantly different amounts of food because of differences 
in climate and soils. For example, Canada, with a large cropland extent is ham-
pered by a short growing season, whereas the small extent of cropland in Southeast 
Asia may permit two to three growing seasons. A more complete analysis of 
regional food  status will need to include models of annual crop production. Thus, 
in Section 3.4, we briefly examine the trends in regional food production over the 
last decade.

3.4 Agricultural Production

While cropland area is vital for producing food, the agricultural yield of the land 
(crop production per unit area) is also a critical factor. In fact, much of the increase 
in food production during the twentieth century came from increases in yield rather 
than from an expansion of the cropland area. In this section, we briefly examine the 
status of agricultural yields and total food production during the 1990s.

We compare the population of 16 major regions of the world with their agricul-
tural production in 1990 and 2003 using an estimate of per capita food production 
(Fig. 3.7; Table 3.1). Regions of the world that lie on the right-hand side of the 
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dashed line had food production outpacing population growth, while those on the 
left-side had decreases in per capita food production. We also show the global 
 average per capita food production to compare relatively well-off countries to those 
that are less well-off. We ignore differences in consumption styles and food trade 
that complicate such a simple analysis.

In 2003, Canada, Oceania, the USA, and Eastern Europe had the highest per 
capita agricultural production, while Japan, North Africa, Mexico, Central 
America, and South Asia had the lowest. The direction of change from 1990 to 
2003 for the different regions is also seen in Fig. 3.7 and Table 3.1. Global aver-
age food production per capita fell slightly from 0.48 tons/ha in 1990 to 0.45 
tons/ha in 2003. OECD Europe, Argentina, Chile, Uruguay, and Oceania, all rela-
tively well-off countries in terms of per capita food production compared to the 
global average, also had food production rates that exceeded their population 

Table 3.1 Change in per capita agricultural production from 1990 to 2003

 Agricultural  Per capita agricultural
 production Population production

 (Million metric  (Millions of  
 tons/year)  people)  (Tons/person/year)

 1990 2003 1990 2003 1990 2003 2003–1990
Japan 20 16 124 128 0.16 0.13 −0.03
North Africa 28 37 118 149 0.24 0.25 0.00
Mexico and C. America 35 44 136 171 0.26 0.26 0.00
South Asia 304 400 1158 1486 0.26 0.27 0.01
Middle East 65 71 190 252 0.34 0.28 −0.06
Northern S. America 185 269 500 696 0.37 0.39 0.02
Southeast Asia 87 119 249 306 0.35 0.39 0.04
Tropical Africa 171 217 447 547 0.38 0.40 0.01
Globe 2538 2860 5254 6286 0.48 0.45 −0.03
China, Mongolia,  574 622 1189 1342 0.48 0.46 −0.02

and N. Korea
Former Soviet Union 251 190 292 289 0.86 0.66 −0.20
OECD Europe 244 264 380 396 0.64 0.67 0.02
Argentina, Chile,  30 49 49 58 0.61 0.84 0.23

and Uruguay
Eastern Europe 132 103 119 117 1.11 0.87 −0.23
USA 327 363 255 294 1.28 1.23 −0.05
Oceania 58 54 28 32 2.10 1.72 −0.37
Canada 25 43 20 24 1.24 1.81 0.57

Note: The agricultural production data (sum of cereals, pulses, and roots, and tubers production) 
and population data were obtained from the Food and Agricultural Organization’s online 
FAOSTAT database (http://faostat.fao.org). Data were collected at the country level, annually, for 
the period 1990–2003. The data were aggregated to the 16 regions, and a linear regression was fit 
to the 14 years of data. The end points of the regression line were chosen to represent the condi-
tions in 1990 and 2003. The data are sorted by the per capita agricultural production rates in 2003. 
Regions of the world that lie above the global value have relatively lower per capita agricultural 
production rates in 2003 with respect to the globe, while regions of the world below have higher 
per capita agricultural production rates.
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growth rates between 1990 and 2003. Canada, Eastern Europe, the FSU, and the 
USA had population growth rates that far exceeded their food production rates; 
however, they already had favorable production per capita to begin with in the 
early 1990s. The Middle East and Japan saw decreases in per capita food produc-
tion between 1990 and 2003, and they were already worse-off than the global 
average to begin with; however, they are highly dependent on food trade to meet 
their growing food demands. Per capita food production in China, Mongolia, and 
North Korea decreased slightly from 1990 to 2003, closely mimicking the global 
average situation. Several developing regions of the world, all with per capita 
food production values lower than global average—Mexico and Central America, 
North Africa, South Asia, Southeast Asia, Tropical Africa, and northern South 
America—experienced only little improvement in per capita food production 
values during the 1990–2003 period.

3.5 Future Trends

In the twentieth century, because of technological advances, the food production per 
capita remained stable and even increased in some places. However, the forecast for 
the future does not look promising. There will be an additional 2,000  million people 
on this planet within the next 30 years (United Nations, 2000). Furthermore, food 
consumption is expected to increase as per capita incomes rise (Daily et al., 1998). 
In this context, the general trend toward less land per person is disturbing. It implies 
a greater reliance on continued technological advances in food production; 
 technology that many developing nations cannot afford. Furthermore, there is no 
fertile frontier remaining to be exploited, since the vast majority of the world’s fertile 
land is already under cultivation. Much of the remaining cultivable land lies in 
 marginal areas or in the richly forested regions of tropical Latin America and Africa 
(Buringh and Dudal, 1987). Clearing the latter for cultivation implies an enormous 
loss of valuable forestland and associated  biodiversity. Furthermore, we are already 
losing existing prime farmland to urbanization and soil degradation that will further 
increase the pressure on the remaining croplands. Thus, our global food production 
system is becoming increasingly  vulnerable because of its sole dependency on tech-
nological improvements to meet future food demands; poor nations are likely to be 
the most affected as they can scarcely afford the expensive technological options or 
to import food to meet their needs.

3.6 Summary and Conclusion

Humans require a secure and renewable natural resource base to sustain their basic 
needs and economic activity into the future. However, while deriving natural 
resources from the terrestrial biosphere, humans also inadvertently modify their 
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environment. The twentieth century has seen a growing human population, increas-
ing agricultural yields, and a resultant decrease in the land resource base. From 
1900 to 1990, global population increased 236%, while global cropland area 
increased 56%, resulting in a halving of the global per capita cropland area.

The loss of land resource base has not been globally uniform. More than half the 
world’s population (living in developing nations constituting South Asia, China, 
Mongolia, North Korea, and tropical Africa) lost nearly two-thirds of their per 
 capita cropland area during the twentieth century. The impact of rapid population 
growth in regions with a low cropland base has led to the increasing pressure of 
more people living off less cropland area per capita. In 1990, nearly 4,000 million 
people possessed less than the global average per capita cropland area of 0.35 ha/
person, and most of these people lived in poor nations of the world.

A review of food production data indicates that several developing regions of the 
world have only slightly improved their per capita food production rates between 
1990 and 2003. In the future, these nations might have to import much of their food, 
unless they can continue to enhance the productivity of their land. Canada, the 
USA, Eastern Europe, FSU, the Middle East, and Japan had decreases in per capita 
food production; however, the former four regions had favorable production rates 
to begin with, while the latter two regions are wealthy enough to buy food.

In addition to the loss of per capita cropland area due to the sheer increase in 
population size, recently, the pressure on the land base has increased further due to 
the loss of prime farmlands to urbanization and to soil degradation (Kindall and 
Pimentel, 1994; Gardner, 1996). During the twentieth century, there has been a 
large shift of humans from rural to urban areas. As most of the urban centers were 
established close to prime cropland areas, with exploding urban population sizes, 
human settlements are now encroaching on regions with the best climate and soils 
for growing crops. For example, in the USA and China, large areas of prime farm-
land are being lost to urbanization (Mather, 1986; Gardner, 1996). Similarly, with 
the intensification of cultivation and the expansion of cropland into more marginal 
areas, large areas of cultivated land are being degraded. A United Nations study 
(Oldeman et al., 1991) as well as a more recent study by the International Food 
Policy Research Institute (2000) estimated that roughly 40% of global cropland 
area is degraded to some degree due to agricultural mismanagement. Thus, in addi-
tion to the loss of our per capita cropland base due to the sheer increase in human 
population, we are also losing prime farmland due to urbanization and soil 
degradation.

In this study, we have only considered pressures on land due to human popula-
tion growth. We have to recognize, however, that population growth by itself does 
not drive changes in land cover. It is also crucial to consider the per capita resource 
consumption of those individuals. There are vast differences in resource consump-
tion between different economic strata of the human population. To illustrate the 
importance of per capita resource consumption as an environmental driver, 
Wackernagel et al. (1997) used the notion of an environmental footprint to 
 characterize the land area needed to produce the resources consumed and assimilate 
the waste generated by a given population. According to Wackernagel et al. (1997), 
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the average American currently requires roughly 20 times as much land as an 
 average Bangladeshi. In fact, if all the people on Earth lived like an average North 
American, it would require three times the global land area to sustain them. Clearly, 
differences in economic development, political structure, and culture play a signifi-
cant role in determining the consumption of natural resources across the globe.

The challenge that lies ahead is to feed an increasing population with increasing 
per capita consumption. As there is little fertile land remaining to be plowed, future 
increases in crop production will necessarily have to come from increases in crop 
productivity. Such increases in productivity will have to be achieved in a sustaina-
ble fashion without loss of soil quality and environmental pollution. Can the green 
revolution that greatly increased productivity in South and Southeast Asia and 
Latin America also be repeated in tropical South America and Africa? How will 
such agricultural technology transfers be achieved? Can the failures of the green 
revolution (salinization, environmental pollution, etc.) be avoided in these new 
areas of intensified crop production?
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Chapter 4
Soil Erosion and Conservation 
in Global Agriculture

Hans Hurni, Karl Herweg, Brigitte Portner, and Hanspeter Liniger

Abstract About one-sixth of the world’s land area, that is, about one-third of the land 
used for agriculture, has been affected by soil degradation in the historic past. While 
most of this damage was caused by water and wind erosion, other forms of soil deg-
radation are induced by biological, chemical, and physical processes. Since the 1950s, 
pressure on agricultural land has increased considerably owing to population growth 
and agricultural modernization. Small-scale farming is the largest occupation in the 
world, involving over 2.5 billion people, over 70% of whom live below the poverty 
line. Soil erosion, along with other environmental threats, particularly affects these 
farmers by diminishing yields that are primarily used for subsistence.

Soil and water conservation measures have been developed and applied on many 
farms. Local and science-based innovations are available for most agroecological 
conditions and land management and farming types. Principles and measures devel-
oped for small-scale as well as modern agricultural systems have begun to show 
positive impacts in most regions of the world, particularly in wealthier states and 
modern systems. Much more emphasis still needs to be given to small-scale farm-
ing, which requires external support for investment in sustainable land management 
technologies as an indispensable and integral component of farm activities.

Keywords Soil erosion, soil degradation, small-scale farming, poverty, soil 
 conservation, water conservation, sustainable land management

4.1 Introduction

4.1.1 Background and Research Questions

Global agricultural production basically consists of food for people, feed for live-
stock, fiber for industry, and fuel for energy. In fact, 95% of the agricultural output 
is produced on cultivation and grazing lands (Hurni et al., 1996), the rest being the 
products of marine ecosystems. About 11% of the surface of the world’s terrestrial 
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ecosystem is used for cultivation, another 25% is used for grazing or grass-cutting, 
a further 28% is covered by natural and planted forests of different qualities, and 
about 36% is desert land (FAOSTAT, 2005).

The world’s human population has increased by a factor of 2.49 since 1950 
(Worldwatch Institute, 2005), causing demand for the above-mentioned prod-
ucts to grow even faster due to increased dietary as well as other per capita 
demands. Agricultural production, on the positive side, increased even faster, for 
example, by a factor of 2.75 between 1950 and 1985 for grain cereals 
(FAOSTAT, 2005), and has remained at about this level. This early increase was 
due to a number of factors, including advances in agricultural research and tech-
nology, plant breeding, increased inputs in minerals and fertilizer, a slight 
expansion of cultivated land by a factor of 1.13 (FAOSTAT, 2005), and 
 intensification on currently cultivated land.

At present, it appears that both the area of agricultural land and the productivity 
potentials have reached their upper limits, with little scope to (a) further expand 
agricultural land sustainably and (b) develop plants that are capable of producing 
even more per hectare without negatively affecting people and ecology. This, how-
ever, is contested by some scientists who claim that there are still vast areas of 
underutilized arable land, and others who believe that biotechnology will find addi-
tional possibilities to enhance plant and animal productivity.

In the last 50 years, pressure on soil and water resources has been considerably 
accelerated in many places, along with agricultural intensification and particularly 
expansion. In response, there have been efforts to conserve soil and water and to 
find means of agricultural production that minimize negative impacts. Much of this 
reproductive activity, however, is being challenged by persistent poverty, while cur-
rent actions to reduce poverty in many countries often put even greater strain on 
agricultural land resources.

Based on these statements the following five research questions were developed 
as guidelines for the present chapter:

1. How has agricultural development since 1950 affected land resources?
2. How do these changes and prospects relate to processes of soil erosion and land 

degradation?
3. What is the situation of agriculture today in terms of global poverty, production 

of food, feed, fiber and fuel, and natural resources?
4. What are the visions for global agriculture in 2050 vis-à-vis human and livestock 

demands?
5. What potential do soil and water conservation have to achieve sustainable land 

management now and in future?

It seems obvious that a chapter attempting to answer the above research questions 
will remain largely interpretative, as only scarce scientific evidence has been 
 produced at the global level that could conclusively answer them. There is, never-
theless, a great need to address these questions, not only in this rather superficial 
global assessment, but to a much greater extent through intensified scientific 
research.
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4.1.2 Main Hypothesis and Theoretical Concepts

The main hypothesis of this chapter is that global agriculture has the potential to 
further increase its overall output and feed a growing world population, basically 
by (a) sustainably enhancing the productivity of small-scale farms and investing 
in their resource-conserving agricultural technologies and (b) sustainably main-
taining industrialized agriculture, which should be capable of feeding growing 
urban populations.

Research questions 1, 2, 3, and 5 will basically be addressed by synopti-
cally reviewing statistical data and literature, and by interpreting global over-
views with maps and country-level indicators. Research question 4 will follow 
the conceptual framework developed by the International Assessment of 
Agricultural Science and Technology for Development (IAASTD) as  presented 
in Fig. 4.1.

The implicit theoretical foundation underlying Fig. 4.1 combines a systemic 
view of agriculture with a normative view of sustainable development. The 
conceptual framework of IAASTD (2005) in Fig. 4.1 basically looks at agricul-
tural outputs and services, which are determined or influenced by direct and 
indirect drivers. Indirect drivers are frame conditions such as policies, eco-
nomic factors, or science and technology, which together influence the direct 
drivers. The latter act as factors “on the ground” in relation to the production 
of agricultural goods (i.e., outputs) and services, including forestry and fishery. 
Direct drivers are thus natural resources, agricultural technology, energy, and 

Fig. 4.1 Conceptual framework of the IAASTD. (Modified by H. Hurni)
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farm labor. All together the drivers and agricultural outputs and services are 
oriented toward goals, and can be influenced by these, namely development goals 
as pursued by individuals, households, communities, and national or international 
bodies, or sustainability goals now being increasingly introduced at all levels, par-
ticularly in view of the overall goal of safeguarding future demands on agriculture 
without compromising present demands.

Sustainable development is used as a theoretical concept according to the 
definition by the World Commission on Environment and Development, namely 
to “satisfy the needs of the present without compromising the needs of future 
generations” (WCED, 1987). There is thus a claim to assess the intra-generational 
dimension looking at social, ecological, and economic sustainability, as well as 
the intergenerational dimension in relation to future generations in the same 
dimensions.

It is, however, necessary to enhance the conceptual framework of Fig. 4.1. This 
is currently being discussed in the IAASTD process, with inputs by the main 
author, the results of which will be published in 2008. This relates to the introduc-
tion of a further analytical level, namely typology and analysis of ecological, 
 agricultural, and production systems, which are the basis of agricultural outputs and 
services and within which drivers have an impact (see Fig. 4.1). This analytical 
level will allow assessment of changes in the main types of agricultural systems 
over time, particularly in terms of their resource base, farming systems, and farm 
household strategies.

4.1.3 Materials and Methods

The present chapter provides a meta-analysis of select information and knowl-
edge generated by science and science-based assessments since 1950. The 
analysis is illustrated with empirical evidence produced by some of the authors 
over the last 20–30 years. It attempts to look into the future (2050) using a 
conceptual framework. While the chapter does not produce new scientific 
knowledge in a disciplinary field, it is innovative in its integrative interpretation 
of available scientific information.

The chapter is based on a review of statistical data and literature on agricul-
ture, natural resources, and related frame conditions for agricultural development, 
such as rural livelihoods, industrialization, urbanization, and the status of human 
development. Country-level indicators are used to develop a global overview of 
disparities in development in the agricultural and other sectors. Other global 
overviews relate to global assessments and related maps, including a critical 
analysis of their methodologies. The conceptual framework developed by 
IAASTD (2005) is used as a guideline and critically assessed. For local case stud-
ies reference is made to results published primarily by the authors and the 
 programs in which they work.
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4.2 Global Agriculture

4.2.1 Agricultural Development Since 1950

The total agricultural output today is about three times higher than it was in 1950. 
FAOSTAT (2005) reports a 2.75-fold increase for cereals between 1961 and 2003. 
Besides total output, per capita output has also increased; while the total area of 
arable land first grew at an average increase of 1.7% from 1961 until 1985, the 
average increase declined to 0.3% until today (FAOSTAT, 2005). Current estimates 
indicate that 10–15 million hectares of land are lost each year through erosion and 
salinization (Pimentel et al., 1993). Although this is less than 1% of the cultivated 
land, we are threatened by the prospect that without countermeasures soils will be 
totally depleted in about 200 years from now.

Due to world population growth, from about 2.5 billion people in 1950 to 6.5 
billion today (US Census Bureau, 2006), the per capita share of cultivated land has 
decreased from about 0.4 hectare per person in 1961 to about 0.23 hectare per per-
son today (Fig. 4.2; also see detailed analysis in Chapter 3).

This seeming contradiction between increased output per capita and diminished 
land per capita is due to the fact that the part of global agriculture influenced by the 
“green revolution” increased the average per hectare output from about 1 ton to 
about 3 tons on average for cereals. At present, however, it appears rather difficult 
to increase average yields beyond that level (Cassman et al., 2003).

The dominant factors in success were plant and animal breeding, mechanization, 
irrigation, fertilizers, and plant protection. At the same time, less and less people 
remained in agriculture while this process materialized. In poorer nations, however, 
where agriculture remained the dominant sector, employing more than 50% of the 

Per capita share of arable land in hectares, 1961- 2003
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population, the takeoff was much slower, and in the poorest countries it did not even 
take place. A growing disparity has thus evolved since 1950 between industrial 
agriculture on the one hand, with all its benefits, but also its problems of nonsus-
tainability in energy utilization and biological degradation, and small-scale agricul-
ture on the other hand, where farm families survived basically on a subsistence 
level, with the associated problems of diminishing farm sizes, overuse of biological 
resources and human labor, and the resulting nonsustainability here as well.

4.2.2 Agriculture Today

This dichotomy between the two dominant agricultural systems is a fact and will be 
a challenge in the future. On the one hand, industrial agriculture has been able to 
feed the growing world population, particularly in urban areas, while on the other 
hand, small-scale farming in poorer countries has remained stagnant except for 
diminishing farm sizes due to population pressure in rural areas.

Out of the global population of 6.5 billion people, 1.2 billion live on less than 
$1 per day, while a further 2.8 billion live on less than $2 per day (Nierenberg and 
MacDonald, 2004). About 40% of the world’s population, or 2.6 billion people, live 
from agriculture, of which 1.2 billion are actually engaged in agriculture, the rest 
being children under 15 and old people (MA, 2005). Most of these people are 
small-scale farmers and therefore part of the global poor mentioned above. About 
70% of the world’s poorest people living on less than $1 a day are small-scale 
 farmers (MA, 2005). Nutritional security is not automatically guaranteed if a family 
lives in a rural area and on a farm. On the contrary, many rural people are 
 malnourished, and they are directly vulnerable to the above-mentioned factors of 
land scarcity and degradation affecting their agricultural production.

It should be noted, however, that soil erosion and conservation are not associated 
with either type of agriculture (Hurni et al., 1996). Both industrial and small-scale 
agriculture have problems with natural resource management, such as diminishing 
biological diversity, soil compaction, soil erosion, salinization, and overfertiliza-
tion. However, the causes are rather different, a fact that is important when design-
ing strategies for sustainable management of natural resources. Improvements in 
the industrial agricultural sector can be observed in wealthier nations in the form of 
bio-farming or precision agriculture. In the small-scale agricultural sector, soil and 
water management, development of infrastructure and horticulture, a shift to off-
farm activities, and a move toward regional planning can be observed.

4.2.3 Agriculture in 2050

In 2050, agriculture and fisheries will need to feed approximately 10 billion people 
if current population trends materialize (adapted from MA, 2005).
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Will global agriculture be able to satisfy the nutritional needs of all these people? 
Will poverty still persist for nearly 1 billion people at that time, or will the Millennium 
Development Goals have been achieved by then? And what about the other services 
to be secured by agriculture? Will natural resources be used in a more equitable and 
sustainable manner? Will biodiversity be safeguarded even in agricultural areas? Will 
water be managed in a way that irrigation is possible while drinking and industrial 
water are still available to a predominantly urban population?

The IAASTD is attempting to develop a series of scenarios to better define the 
role of research and technology in view of the agricultural challenges ahead. In the 
opinion of the authors of this chapter, a two-pronged strategy may be the most 
opportune to pursue, namely:

1. Sustainable production in industrialized agriculture, and
2. Sustainable improvement of small-scale farming

In relation to the first strategy, it will be necessary to further develop mechanized 
agriculture in most countries with a relatively small agricultural sector of less than 
20% of the working population engaged in agriculture. This strategy will have to 
look at sustainable methods of agricultural production, in terms of plant breeding, 
energy efficiency, and safe animal and plant protection, without harm to human 
beings and the environment. The vision here is that on about 40% of all cultivated 
land, such agriculture could produce about 60% of the global agricultural output 
with high-yielding crops, and feed about 7 billion people worldwide, mostly those 
living in urban areas. On the remaining area, that is, on about 60% of the cultivated 
land, the second vision and strategy calls for small-scale farmers to sustainably 
produce outputs and services with a smaller per hectare production, but still be able 
to feed about 3 billion people, that is, mostly themselves and other rural people. 
This difference in productivity is justified because small-scale farmers will not be 
able to rationally produce similar amounts per hectare with only their basic labor 
and few inputs from the other sectors.

In a simple global agricultural output supply model, the first strategy would 
attempt to produce about 6 tons per hectare on large-scale industrialized farms, 
while the second strategy would attempt to produce about 3 tons per hectare on 
small-scale farms. Together, these two dominant agricultural systems could 
 produce enough food, feed, fiber, and maybe even biofuel to meet demand in 
2050. The advantage of the two-pronged strategy is that small-scale farmers 
could continue working with labor-intensive methods on small plots, achieve 
high employment without the need to migrate to towns, high nutritional security 
due to subsistence orientation at least for staple crops, and the best possible and 
 sustainable use of marginal lands for agriculture.

The greatest advantage of the above-mentioned strategies is that rural exodus 
would not be as dramatic as might be expected if all agriculture were industrialized, 
and environmental damage could also be minimized due to sufficient labor availa-
ble on small farms for resource-conserving measures. This is a vision for global 
agriculture in 2050 that finally allows for reduction of the global threat of land 
degradation that exists today.
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4.3 Soil Erosion and Global Agriculture

4.3.1 Land Degradation: Issues and Stakes

Land resources such as soil, water, and biodiversity build the basis for agricultural 
outputs and services. The livelihoods of a vast majority of the world’s land users, and 
particularly of small-scale farmers, depend directly on these resources and the quality 
of their services. The fact that small-scale farmers often do not have the means to better 
protect their resources should not be interpreted as lack of awareness. Because ecosys-
tem protection is costly and time consuming, it is usually handled in a reactive way, 
that is, only when signs of degradation become threatening. It is interesting to note that 
on the one hand, crises or degradation of plant, animal, and water resources usually 
trigger immediate responses and countermeasures. Deterioration of the soil resource, 
on the other hand, is often recognized only after it has already affected plants, animals, 
and water, that is, at an advanced stage of soil degradation. Consequently, in the past 
decades, intensification and expansion of grassland and cropland has led to a number 
of soil degradation processes with different severity and area coverage, among which 
soil erosion is considered one of the most dangerous processes (cf. chapter 3.1 
Oldeman, 1990). This argument is supported by Pimentel et al. (1993) who explain 
that “because of humankind’s almost total dependency on the land for food, soil 
 erosion represents a real threat to the security of our food supply.”

Although the focus on soil erosion in this chapter is well justified, it needs to be 
kept in mind that all processes of natural resource degradation are closely intercon-
nected among themselves (see Fig. 4.3). These relations are particularly important 
when discussing mitigation practices that are not only supposed to be ecologically 
sound, but at the same time economically viable and socially acceptable. For exam-
ple, soil conservation always integrates management of other resources, such as 
water and plants, and, therefore, soil conservation must be an integral part of an 
overall land management strategy at the household and community level.

The “Global Assessment of Human Induced Soil Degradation” (GLASOD) 
(Oldeman et al., 1990) has so far been the only attempt to estimate the problem at 
the global level. In 1990, Oldeman et al. published a world map known as 
GLASOD, showing the extent of human-induced soil degradation. Following con-
sultation with experts, GLASOD claimed that 1,964 million hectares, that is, 15.1% 
of the total land surface, or about one-third of the land used for agriculture, was 
affected by all forms of soil degradation. Of the affected area, 55.6% was reported 
as damaged by water erosion, 27.9% by wind erosion, 12.2% by chemical, and 
4.2% by physical degradation. Because soil erosion is considered the most wide-
spread soil degradation process, it is a suitable example to explain the severity of 
environmental problems and the difficulty of finding appropriate solutions. The 
above-mentioned figures represent the cumulative effect of all previous soil degra-
dation damage originally defined as “since 1950,” but probably since much earlier. 
As the major causes at the global level, GLASOD determined deforestation (30%), 
overgrazing (35%), and agricultural overuse (28%).
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4.3.2 Current Soil Erosion Rates

In contrast to the so-called developed regions, agricultural land in developing 
regions has expanded continuously (UNEP, 2003). For example, a detailed study of 
land-use/land-cover change in the Ethiopian highlands revealed that from 1957 to 
1995 cultivated land increased from 39% to 77%, while natural forest declined from 
27% to less than 1% in the same period (Gete, 2000). In the observed area soil erosion 
rates measured on test plots amount to 130 to 170 t/ha/year on cultivated land. 
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Table 4.1 Human-induced soil degradation in percent. (Oldeman et al., 1990)

   N & C S    
 World Europe America America Australasia Asia Africa

Category       
Erosion by water 55.6 52.3 67.0 50.6 81.0 58.0 46.0
Erosion by wind 27.9 19.3 25.0 17.2 16.0 30.0 38.0
Chemical deterioration 12.2 11.8 4.0 28.8 1.0 10.0 12.0
Physical deterioration 4.2 16.6 4.0 3.4 2.0 2.0 4.0
Causes       
Deforestation 29.5 38.3 11.3 41.3 12.0 41.0 14.0
Overgrazing 34.5 22.8 24.0 27.8 80.0 26.0 49.0
Overexploitation 6.7 0.2 7.2 4.8 — 6.0 13.0
Agric. activities 28.1 29.3 57.2 26.1 8.0 27.0 24.0
(Bio-)Industrial 1.2 9.4 0.3 — — — —
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Although such case studies cannot be generalized without an appropriate model, 
they show the potential hazard of soil degradation related to the shift from forest-
land to grazing and cropland, if no suitable countermeasures are taken. Equally, 
surface runoff during storms increased by a factor of up to 25, with such land-use 
changes and accelerated land degradation in a long-term empirical study in the 
Ethiopian highlands (Hurni et al., 2005; see also Chapter 5).

While the GLASOD study presents a cumulative past soil degradation assess-
ment using degree of degradation (light to extreme) and extent of degradation (per-
centage of the mapping unit affected), there are various estimations of current 
global erosion rates that present a variety of figures. Several cropland erosion esti-
mates have been compiled by Sundquist (2000). For example, Pimentel (2006) 
estimates 10 million hectares of cropland to be lost each year due to erosion. Kaiser 
(2004) quotes an assessment made by the World Soil Information (International 
Soil Reference and Information Center—ISRIC) in the late 1980s, which found 
that, “of the 115 million km2 of vegetated land on Earth, 17% was degraded, largely 
through erosion, and 16% could no longer support crops.” Other analysts report that 
the global area of reasonably biologically productive land is on the order of 90 mil-
lion km2 of which about 4.75 million km2 is now urbanized (Sundquist, 2007). 
Pimentel (2003) states that soil erosion rates at the landscape level are highest in 
Asia, Africa, and South America (30–40 t/ha/year), and lowest in the USA and 
Europe (17 t/ha/year). Myers (1993) indicates that 75 billion t of fertile topsoil are 
lost each year from world agricultural systems. Gardner (1996) reports that losses 
exceeding 100 t/ha/year are common for individual plots, especially on sloping ter-
rain, in many developing countries. Pimentel (1997) estimates topsoil losses in 
developing countries to average 30 t/ha/year at the landscape level. Also, 80% of 
the world’s agricultural land suffers from moderate to severe erosion, and 10% suf-
fers from slight to moderate erosion (Pimentel et al., 1995). At the same time, 
Kaiser (2004) quotes a senior scientist at the International Food Policy Research 
Institute (IFPRI) saying: “As a global problem, soil loss is not likely to be a major 
constraint to food security.” Such general statements, both exaggeration and play-
ing down the erosion problem, should be interpreted with great care.

Apparently, different authors use different sources for their estimates, such as 
models, plot measurements on farms, sediment data obtained from rivers, etc. Often 
it remains unclear which factors were included and which were omitted in these 
statements. Figures measured or estimated with different devices or at different 
scales are not necessarily comparable. Neither can they be extrapolated without an 
appropriate model. Consequently, such global estimations and extrapolations of soil 
loss rates can give only an indication about an average order of magnitude. Proof 
or disproof is difficult. It is necessary to keep in mind that erosion is a process with 
great variation both in time and space. Temporal variability of erosion depends 
greatly on simultaneous occurrence of erosive rainfall and low vegetation cover. 
Single storms can cause large portions of annual losses and thus lead to great incon-
sistency in annual values. Similarly, erosion damage is not evenly distributed but 
rather concentrated on hotspots, which means that, for example, a few locations 
with extreme damage can alternate with large areas that may barely be affected by 
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erosion (Herweg and Stillhardt, 1999). Also, not all soil that is eroded is “lost” to the 
ecosystem, but it must be assumed that agricultural production on relatively large areas 
can be affected by the reduction of topsoil, while only a small area is benefiting from 
redepositions. Often these depositions are in riverbeds, reservoirs, or waterlogged val-
ley floors and the like, where they are of no direct use for food production. Although 
erosion may imply a benefit for the recipients of such redeposited topsoil, in the major-
ity of cases it has adverse impacts on agriculture and the environment.

The example of the Ethiopian and Eritrean highlands (Herweg and Stillhardt, 1999; 
SCRP, 2000a–g), where soil erosion processes were monitored with different devices 
over a 17-year period, illustrates this variability well. Mean annual erosion measure-
ments on cropland test plots vary from 1 to 212 t/ha/year within and between different 
regions of the humid highlands. In contrast, corresponding mean annual sediment yield 
measurements in small catchments with a variety of land-use types show variability 
from much less than 1 t/ha/year to 25 t/ha/year on average. But even on the same slope, 
cropland plot values may differ by 40%. The use of models generalizing such find-
ings is not trivial. In the Ethiopian case, Nyssen et al. (2004) compiled the results of 
several studies that used the adapted Universal Soil Loss Equation (USLE) for soil loss 
assessment through GIS models. The studies indicated the potential of the model to 
provide information that is useful in supporting strategic planning of soil and water 
conservation (SWC). But they also concluded that the model does not provide satisfac-
tory quantitative predictions at the regional/subnational level, which is mainly due to 
locational inaccuracies for each factor of the model. Given the enormous temporal and 
spatial variability of soil erosion, and the dependence of measured values on the meas-
urement device with which they have been obtained, the pressing question arises: how 
reliable and how useful are figures? Neither doomsday scenarios nor neglecting erosion 
will eventually help achieve more sustainable land management; this can be achieved 
only by a better differentiation between where and when soil erosion is severe and 
where and when it is not.

In the next 50 years, the Intergovernmental Panel on Climate Change (IPCC, 
2001) expects that climate and environmental changes will most likely become 
more dramatic, with an increase in nonlinear, that is, potentially catastrophic 
events. In this case we will be in need of spatially and temporally differentiated 
information. The Millennium Ecosystem Assessment Synthesis (MA, 2005) 
assumes that positive scenarios with increased production and simultaneously bet-
ter ecosystem protection are possible, however, only with significant changes of 
policies, institutions, and practices, which are currently not yet underway.

4.3.3 Erosion—Productivity Relationships

4.3.3.1 On-Site Effects of Soil Erosion

What erosion really means is understood more easily if its costs, or the (financial) 
benefits of environmental protection, can be shown. For example, topsoil removal 
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always implies nutrient loss, loss of water by runoff, reduction of rooting depth, and 
water and nutrient storage capacity, and sooner or later reduced plant production. 
There are several possibilities to express soil erosion in monetary terms. But 
again, since the cost of labor, land, and grain differ from place to place, global 
figures are difficult to obtain. On-site erosion, that is, the erosion damage on the 
plot or farm where it occurs, can, for example, be expressed by the costs of 
replacing fertility loss through fertilizers (which does not consider changes in soil 
organic matter (SOM) and consequently in soil structure), the loss of income due 
to the reduction in crop yield and biomass production, or price reductions when 
selling the land. Pimentel et al. (1995) state that in the USA, an estimated 4 bil-
lion tons of soil and 130 billion tons of water are lost from the 160 million 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 replacement of nutrients and 
$7 billion for lost water and soil depth. The most significant component of this 
cost is the loss of soil nutrients. Global costs of soil degradation are estimated to 
be $400 billion (Pimentel et al., 1995). Despite this, Crosson (1997) concludes 
that losses due to erosion and other forms of land degradation do not pose a seri-
ous threat to the capacity of the global agriculture system to increase yield. He 
expects a cumulative productivity loss of 17% in 2030, but compared with the 
expected doubling in global demand for food between 1990 and 2030, he consid-
ers the degradation-induced loss to be rather small. The author points out though 
that there are “hotspots” where soil erosion is more severe and requires immedi-
ate attention. In his interpretation, hotspots include selected river basins and are 
thus related to land degradation on a rather large scale. Again, temporal and spa-
tial variability of soil and productivity loss suggests very careful aggregation of 
figures. General conclusions at a river basin scale may easily overlook land deg-
radation of “hotspots” at a smaller scale (see Chapter 5), which still remain a 
threat to millions of small-scale farmers. In addition, global calculations take 
account of neither the sociocultural value of a soil for a land user nor the ecologi-
cal value of soils as stores and valves in the ecosystem as a whole.

Stocking (2003) refers to a series of experiments on major tropical soils 
attempting to determine relationships between crop yield and soil loss, with 
strong initial yield reduction that declines with time and progressive soil ero-
sion. In all soil scenarios, crop yield becomes almost nil after 1,400 t/ha cumu-
lative soil loss, which reflects a topsoil reduction of only about 140 mm. This 
figure is surprisingly low and does not correspond with other experiments. For 
example, Belay (1992) found a very high correlation (r = 0.96) between soil 
productivity and erosion in southern Ethiopia. He estimated that soil productiv-
ity declined by 33%, and maize and haricot bean yields by 20–30% in about 
50 years, taking into account a measured annual topsoil reduction of 75 t ha 
year−1, which would correspond to 3,750 t ha−1 cumulative soil loss and about 
400 mm of topsoil depth. Belay’s figure, on the one hand, implies that despite 
considerable erosion, yield does not quickly drop to zero, but on the other hand, 
that such a decline in yield by any means has serious effects on the livelihoods 
of smallholders.
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4.3.3.2 Off-Site Effects of Soil Erosion

Aylward (2004) concludes that, regardless of the perceived seriousness of the soil 
erosion problem, economists and natural scientists agree that downstream or off-
site effects of land-use change are in most cases perceived as negative and poten-
tially serious. There is general agreement about the failure of markets to internalize 
these effects, which are external to land users’ decisions. Off-site erosion, that is, 
the consequences of erosion downslope or downstream, involves costs due to the 
consequences of sedimentation of dams (reduced production on irrigated land, 
reduced energy and fish production), sediment load in rivers (reduced water quality 
and consequent health problems, diminished aesthetic value for recreation areas, 
impeded navigation and costs of dredging), reclamation activities (sediment 
removal, buffer strip plantation), and estimating the casualties, costs of injuries, and 
infrastructure damage due to landslides, mud flows, and flash floods. Clark (1985) 
estimated the costs of soil erosion to the US water treatment industries to be 
between $35 million and $661 million per year, while Holmes’s (1988) estimates 
vary between $50 and $500 million. On the other hand, Aylward (2004) presents 
studies in the Philippines and Panama that computed costs of less than $10/ha/year. 
Neither argument considers the positive downstream effects of both geological and 
human-induced soil erosion in terms of renewing soil fertility, as this plays, or 
played, an important role, for example, along the Nile and Mekong rivers. Aylward 
(2004) makes clear that generalization of hydrological externalities will not be pos-
sible due to the site-specific nature of the biophysical and economic relationships 
involved. He states that it would be incorrect to assume that hydrological externali-
ties resulting from land-use change are necessarily negative. A priori, the net out-
come is indeterminate.

4.4 Soil and Water Conservation in Agriculture

4.4.1 Global Achievements in Soil and Water Conservation

The definition of SWC in a broader perspective encompasses key elements of sus-
tainable land management ranging from addressing degradation to improving soil 
fertility and productivity (see definition in Box 4.1).

Worldwide, countless efforts have been made to address land degradation, and 
much experience has been gathered about preventing and mitigating land degrada-
tion or rehabilitating badly degraded land. Thus, the wealth of experience in SWC 
is still scattered and not made easily available to land users and specialists advising 
land users, planners, and decision-makers as well as researchers. Achievement is 
slowing due to repetition of the same mistakes instead of building on the local, 
regional, and international knowledge of available SWC technologies and 
approaches. While some efforts have been made in documenting degradation, too 
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few have been made in documenting, monitoring, evaluating, and disseminating 
experiences with sustainable land management.

Recently, achievements have been made in compiling such knowledge and in 
making it available in different formats, books, CD ROMs, and on the Internet 
(WOCAT, 2006). Some results are presented in this chapter, while a comprehensive 
assessment of efforts and achievements in SWC is in preparation (Liniger and 
Critchley, 2007).

McNeely and Scherr (2002) describe 36 case studies of sustainable ecosystems 
based on mainly secondary information from different parts of the world in book 
form. Bossio et al. (2007) use secondary data and a brief questionnaire to analyze 
286 case studies on sustainable agriculture in various regions of the world. The 
results will be published in database and book form. In 2002, UNEP presents a 
database and a book on 24 success stories from combating desertification in differ-
ent areas of the world based on submissions from the field. Two reports focus on 
Africa: Reij and Steeds (2003) analyze projects and interventions regarding agri-
culture and rural development in drylands in 15 case studies and Haggblade (2004) 
describes in a detailed synthesis of 8 case studies on agricultural systems.

4.4.2  Soil and Water Conservation Principles, Measures, 
and Approaches

4.4.2.1 Prevention, Mitigation, Rehabilitation

Depending on the stage of degradation SWC measures are initiated, we can differ-
entiate between prevention, mitigation, and rehabilitation of land degradation.

Prevention is in the case when land use has maintained the resources and their 
environmental and productive function and has not yet led to degradation, although 

Box 4.1 Some SWC definitions

Soil and water conservation (SWC) in the context of the WOCAT program is 
defined as activities at the local level that maintain or enhance the productive 
capacity of the land in areas affected by, or prone to, degradation. SWC 
includes prevention or reduction of soil erosion, compaction, and salinity; 
conservation or drainage of surface and soil water, and maintenance or 
improvement of soil fertility.

SWC technologies are agronomic, vegetative, structural, and manage-
ment measures that control land degradation and enhance soil productiv-
ity in the field.

SWC approaches are ways and means of support that help to introduce, 
implement, adapt, and apply SWC technologies on the ground.



4 Soil Erosion and Conservation in Global Agriculture 55

the land is prone to degradation. Mitigation is intervention to reduce ongoing 
 degradation and comes at a stage when degradation has already decreased the 
 quality of soil and water resources. The main aim here is to halt further degradation 
and to start improving (building up) the resources and their functions. Compared to 
prevention, an already higher investment is needed. However, the impacts of 
 mitigation are visible, which provides a strong motivation for further investments 
and efforts. Rehabilitation, finally, takes place when the land has already degraded 
to such an extent that previous land use is no longer possible and land has become 
practically unproductive.

It needs to be pointed out that efforts and achievements depend very much on 
the stage of degradation at which they are made. The greatest benefits compared to 
the investments made are for prevention. This is followed by mitigation, while 
rehabilitation is the most demanding. Whereas the impacts of rehabilitation efforts 
can be outstanding, such achievements require critical reflection concerning costs 
and benefits. A recent analysis showed that major efforts and investments so far 
have been made to mitigate land degradation and rehabilitate degraded land, 
whereas attention should move from rehabilitation to prevention (Liniger and 
Critchley, 2007)

4.4.2.2 SWC Measures in Categories

According to the internationally approved categorization system (Liniger et al., 
2002), the measures are grouped first according to land use where the technology 
is applied, secondly according to the degradation type addressed, and thirdly 
according to the conservation measures adopted. Differentiation can be made 
among the following SWC measures.

Agronomic measures (such as mixed cropping, contour cultivation, mulching) are 
usually associated with annual crops: they are repeated routinely each season or in a 
rotational sequence, are of short duration and not permanent, do not lead to changes 
in slope profile, are normally not zoned, and are normally independent of slope. 
Typical examples are contour planting, direct planting, minimum/noninversion tillage 
and mulching, and technologies with fertility improvement (e.g., through manuring). 
Agronomic measures have in recent years received much more attention especially 
through the Conservation Agriculture (CA) movement, when it became recognized 
that with little input erosion can be minimized, water used much more efficiently, and 
soil productivity improved (Fig. 4.4). Such measures have spread in the last decade, 
both in small-scale and large-scale farming systems.

Vegetative measures (such as grass strips, hedge barriers, and windbreaks) 
involve the use of perennial grasses, shrubs, or trees, are of long duration, often lead 
to a change in slope profile, are often zoned on the contour or at right angles to 
wind direction, and are often spaced according to slope (see Fig. 4.5). Most com-
mon and widespread are vegetative strips and cover (mostly grass) and agroforestry 
systems (intercropping trees with annual and perennial crops, often in a multistory 
system). These measures are common in humid tropical conditions where often no 



Fig. 4.4 Agronomic measure: Conservation Agriculture: zero tillage/direct seeding: Planting 
with minimum disturbance of the soil, maintaining soil cover and crop rotation, Switzerland

Fig. 4.5 Vegetative measure: Grass strips: Vetiver and Napier grass aligned along contour. After 
some years the grass strips develop into forward-sloping terraces or even into bench terraces, 
Tanzania
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additional measures are needed due to good ground cover and protection of the 
vegetation. Under steep slopes, the vegetative measure might be enough (e.g., with 
tea gardens), while at times structural measures are added. In semiarid conditions, 
where erosion as well as water stress occurs, vegetative measures also have very 
positive impacts such as reducing winds (wind erosion) and reducing water loss by 
evaporation. However, water competition between crops and grasses or trees also 
occurs. Special management to reduce the competition is needed, for example, the 
pruning of tree branches and roots. These vegetative measures are often not recog-
nized as SWC measures, especially in traditional land-use systems where erosion 
has been prevented by them.

Structural measures (such as terraces, banks, bunds, constructions, and 
 palisades) often lead to a change in slope profile; are of long duration or perma-
nent; are  carried out primarily to control runoff, wind velocity, and erosion; often 
require  substantial inputs of labor or money when first installed; are often zoned 
on the contour/against wind direction; are often spaced according to slope; and 
involve major earth movements and/or construction with wood, stone, concrete, 
etc. Structural measures are very well recognized and have often been seen as the 
main measures in combating soil erosion. Recent analysis of SWC efforts made 
worldwide shows that structural measures are mostly combined with other meas-
ures, and that there are many traditional and even ancient terrace systems where 
maintenance and rehabilitation are needed (Fig. 4.6).

Fig. 4.6 Structural measure: Loess terraces in China
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Management measures (such as land-use change, area closure, and rotational 
grazing) involve a fundamental change in land use, involve no agronomic and struc-
tural measures, often result in improved vegetative cover, and often reduce the 
intensity of use. These measures often apply to grazing land management, where 
uncontrolled management has led to degradation, and where all other measures do 
not work without a major change in land management.

Combinations: The measures described above are often combined where they 
are complementary and thus enhance each other, for example, structural (terrace) 
with vegetative (grass and trees), with agronomic (contour ploughing; Fig. 4.7).

Technologies can also be arranged in groups, which are familiar to land man-
agement specialists and land users, such as CA, manure/compost, vegetative strips 
and cover, agroforestry, water harvesting, gully control, terraces, grazing land 
management, and others. For each of these groups single or combined measures 
can be assigned. Their functioning, costs, and benefits vary greatly.

Fig. 4.7 Combination: Management measures (change from open grazing to hay making and fruit 
orchard) combined with vegetative (planting of fruit trees) and structural measures (small terraces) 
in Tajikistan
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4.4.2.3 Approaches for Spreading SWC Technologies

Contrary to the SWC technologies, there is no commonly accepted system for the 
categorization of approaches. However, an analysis of approaches showed that 
amongst the most important factors underpinning successful development and dis-
semination of the technologies were: (a) emphasizing systems that improved farmers’ 
yields, (b) providing security of land tenure and access to land, (c) securing markets 
for produce, and (d) increasing the level of land-user participation in decision-making. 
Opportunities for the future include tapping into eco/organic labeling, and looking for 
opportunities to access carbon sequestration markets.

As for the technology, the approach also has to be adapted according to the local 
and national setting. Illustrating the direct benefits to land users, minimizing inputs, 
and optimizing the benefits as well as the use of incentives and subsidies, play an 
important role in supporting land users in their efforts to make a living from the 
land and at the same time maintain and enhance the various functions of the land.

It has to be noted that some issues driving “conservation” and “good land man-
agement” have little to do with trying to stop soil degradation, but are related to soil 
productivity or reducing the inputs (e.g., the change from conventional tillage to 
direct seeding) or preferences of land users to do something because they like it 
more (e.g., planting trees) even though it is not economically beneficial to them 
(at that time). In some of these activities and changes in the management of land, 
conservation “comes through the back door.”

As the human and natural environments are constantly changing, both the tech-
nology and the approach to SWC have to evolve continuously. Thus, it is not sur-
prising that both technologies and approaches in SWC need to be flexible and 
change over time, and that some of the documented success stories have evolved 
over a longer period of time and have involved several changes. This can cover 
rather opposite approaches from regulatory top-down to participatory bottom-up.

A recent assessment of SWC achievements (Liniger and Critchley, 2007) 
clearly shows that there are many examples of SWC achievements on cropland. 
However, there are very few examples on grazing land despite degradation being 
a major problem (35% of grazing lands are seriously affected by degradation 
(Oldeman et al., 1990)). It appears that the management of grazing land is very 
challenging and requires further attention and efforts.

4.4.2.4 On-Site Benefits of Soil and Water Conservation

Functioning of SWC

Analysis of the documented technologies showed that in the survey the most  frequently 
mentioned functions of SWC measures addressing different land degradation were, in 
order of importance: control of dispersed runoff, increase of  infiltration, improvement 
of ground cover, increase of soil fertility, increase of organic matter, increased water 
stored in the soil, improved soil structure, and control of concentrated runoff.
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Combinations of three or more of these functions are common. This is particu-
larly important if soil erosion is combined with other degradation types such as soil 
fertility decline (chemical degradation) and soil compaction or crusting, where 
cover improvement and the other mentioned functions are needed.

For soil erosion by water, which is the most frequent degradation type, the fol-
lowing conservation principles can be differentiated: divert/drain runoff and run-on, 
impede (slow down runoff), retain (avoid runoff), trap (harvest runoff/run-on). In 
conclusion, the solution lies in better management of rainwater, infiltration in the 
soil, and surface runoff.

Soil productivity

Based on an analysis by World Overview of Conservation Technologies and 
Approaches (WOCAT) (Liniger and Critchley, 2007), yield increase (crops, fod-
der, wood production) was recorded in almost all cases (39 of the 42 case studies 
presented). Medium to high increases were reported for crops in 60% of the 
cases, for fodder in almost half, and for wood in 20% of the cases. This implies 
that some technologies have resulted in an increase in more than one of the 
above-mentioned categories. Medium to high soil fertility improvement was 
mentioned in three-quarters of the cases. Thus improvement of soil fertility and 
productivity is a major, recognized achievement of SWC. Improvement in soil 
productivity (crops, fodder, trees, other products) is not only related to fertility 
management, but also to water saving and improved water use (see indirect bene-
fits mentioned later).

Costs and benefits

The most convincing argument for a land user to invest in SWC is an increase in 
land productivity and hence economic return. However, compiling relevant and 
reliable information for a proper cost–benefit analysis presented a major chal-
lenge to land users and soil and water conservation specialists. Analysis of docu-
mented SWC activities reveals that there are marked differences between the 
various SWC measures (Liniger and Critchley, 2007). All investments as well as 
benefits need to be looked at, and should be made available to land users and 
project implementers in order to make informed decisions on what to select and 
how to combine different measures in a most appropriate and efficient way.

The different technologies need to be looked at in terms of investment and main-
tenance costs. Most attractive are SWC measures that require low levels of invest-
ment as well as low maintenance costs. If little investment is needed, all land users, 
whether rich or poor, small-scale subsistence or large-scale commercial, have the 
choice to implement SWC technology. This, for instance, is the case for a number 
of agronomic and vegetative measures. However, in the case of high investment 
costs, there is often a need for external support to land users, either by providing 
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incentives and subsidies, credits, loans, and/or grants. High investments are justi-
fied when the land-use system is raised to a much higher production level, or when 
the environmental functions and services of the land require a major investment. 
For maintenance costs, the major criterion is whether they are needed only over a 
short period of time (2–3 years) and whether there are additional returns compared 
to practices without SWC.

For instance, an analysis of conservation agriculture, as an example of an agro-
nomic measure that is being used more and more in mechanized agriculture, 
showed that investment in new machinery, although cheaper than the conventional 
machinery, may mean bottlenecks in implementation (IIRR and ACT, 2005; Liniger 
and Critchley, 2007). Thus, some land users might wait until they have to replace 
their old machines and tools. However, a number of solutions are available to ease 
the change, be it by adapting existing machinery and tools or by using contractors. 
Because the maintenance costs of conservation agriculture are much lower than the 
costs of conventional land preparation, the benefits are immediately obvious to land 
users, either in terms of less inputs for the same return, and in drier areas, even 
much higher returns due to conservation of water.

Vegetative measures seem to be attractive especially in the tropics and subtropics 
where multistory cropping is possible and attractive as it provides a greater variety 
of products, especially in small-scale farming at lower altitudes. Vegetative systems 
are also attractive for fruit production, both in subsistence farming and commercial 
farming, if some mechanization is possible.

The analysis of structural measures showed a wide range of investment costs, 
depending on the materials and machinery used, and mainly on the labor costs. 
Thus, there is a marked difference between small-scale farming systems in 
developing countries, where investments are relatively cheaper, and mechanized 
farming systems in the developed world. Costs for structural measures tend to be 
higher than for other measures. Structures also often mean a loss of the surface 
available for production. These disadvantages can be compensated by higher 
returns or by making land use possible in places where crop production and irri-
gation would not be possible without terracing.

Management measures can achieve remarkable results with low investments. For 
instance, badly overgrazed and degraded rangelands can recover rapidly after a 
reduction of grazing pressure and introduction of a rotational system of grazing and 
resting. Even expensive fencing can be bypassed by stetting up a “social fence,” 
whereby the community agrees where and for how long to rest a piece of land.

From the lessons learnt, the rule of thumb should be to first to assess whether a 
management measure is feasible, then to consider agronomic and vegetative meas-
ures, and to add structural measures “only” when the others are not sufficient. 
It needs to be pointed out that in the euphoria of implementing SWC, some struc-
tural technologies have been pushed “too hard” where other, cheaper measures 
would have been more appropriate. Due to generally high investment costs and the 
danger of aggravating erosion if the structural measures are not properly implemented, 
it can be concluded that other measures should be tried first, and combined with 
structural measures only if necessary.
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Poverty alleviation

Medium to high increase in farm income generated from improved land use through 
SWC were listed in 88% of the cases. Two-thirds reported a medium to high 
increase. For each technology, costs and benefits have been assessed, along with the 
land users’ judgment regarding the benefits of the technology in the short and long 
term. This allows detailed analysis and interpretation. In terms of poverty allevia-
tion, SWC technologies with low investment and maintenance costs and rapid as 
well as long-term benefits might help small-scale farmers. Several (mainly agro-
nomic and vegetative) measures fulfill these criteria. For development projects, 
those technologies with “medium to high” initial investments and low maintenance 
costs but short-term benefits are also possible options. Through external inputs and 
investment, improvements in SWC could be made and maintained by the local 
community without additional external support.

4.4.2.5 Indirect and Off-site Benefits of Soil and Water Conservation

In most cases only the direct on-site benefits such as improved production or 
reduced erosion rates are considered in discussion of the benefits of SWC. Off-
site impacts such as less damage on neighbors’ fields, roads, houses, and drainage 
systems, are difficult to assess and quantify. Thus, there is a need for comprehen-
sive assessment of on- and off-site impacts of soil erosion and land degradation 
and the benefits of SWC, such as initiated in the EU COST 634 program (COST, 
2004). However, there are a number of additional issues of global importance 
that call for proper assessment and attention, such as the indirect benefits of 
SWC related to carbon sequestration, biodiversity maintenance, desertification 
 mitigation, water management, etc.

The results presented later are based on a recent analysis of 42 case studies 
throughout the world (Liniger and Critchley, 2007).

Carbon sink

In the global discussion about climate change, the potential for carbon  sequestration 
in the soil is crucial (Robbins, 2004). More than half of the technologies (22 of 42) 
led to increased soil organic matter (SOM). Given the vast areas of degraded land 
and the potential of SWC to increase SOM in the topsoil, SWC can be a substan-
tial and long-lasting carbon sink. But once soils are rehabilitated and have reached 
their climax in terms of SOM, no more additional carbon can be sequestered. 
Nevertheless, according to Robbins (2004), a substantial potential can be inferred. 
A proper assessment of this potential to sequester carbon in degraded soils is thus 
needed. An increase in SOM has additional benefits, including reduced nutrient 
loss, improved soil structure and water infiltration, reduced erosion, and as a 
result, increased yields.
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Water savings

In addition, 88% of the SWC technologies studied recorded an increase in soil 
moisture. In 71% of all cases, improvement was rated as medium to high. A second 
water-related issue is that in one-third of the cases drainage was improved. The 
functioning of SWC technologies is related to control of dispersed (in 60% of the 
cases) and concentrated runoff (40%), increase of infiltration (60%), and as a result, 
an increase in water stored in soil. One-fifth of the cases were explicitly declared 
to be water harvesting technologies. Reduced water loss through runoff and 
increased water infiltration and storage in the soil were strongly perceived as lead-
ing to greater water-use efficiency. The potential for reducing soil evaporation, 
especially in drier environments—where 40–70% of the rainfall can be “lost”—has 
been described clearly in examples of “CA”—a system that combines the three 
elements of permanent ground cover, minimum disturbance of the soil surface, and 
crop rotation.

Effects on Water availability, floods, and sedimentation

The most striking water-related off-site benefits of SWC were that three-quarters of 
the reported case studies reduced downstream flooding and siltation (Liniger and 
Critchley, 2007). Around half indicated a high to medium impact. Also, 43% indi-
cated reduced river pollution, and about one-third increased stream flow in the dry 
season. All this information was derived from SWC specialists working with land 
users, although the impacts have seldom been measured. An exception is the case 
of Australia’s “Green cane trash blanket,” where research is assessing the impacts 
of SWC on rivers and on the Great Barrier Reef. In the absence of such impact 
assessments, the question arises whether this high rating of off-site impacts is more 
wishful thinking than proven. Given the growing water-related problems, all 
impacts mentioned are important for local as well as global discussions of how land 
use affects water resources. However, there are also a few off-site disadvantages: 
there was reduced river flow in four cases, although the impact was assessed as 
“medium” only in one case, and “low” in the others. The cases referred to a situa-
tion where terracing and additional irrigation and water harvesting structure 
reduced flows (see also Hurni et al., 2005).

Desertification mitigation

Water and soil issues and the discussion about desertification are closely linked. 
Thus, all of the reported cases address degradation of natural resources. Of those, 
45% are situated in semi-humid to arid environments, and contribute toward mitiga-
tion of desertification. Improvement of infiltration and reduction of runoff and 
evaporation are closely related to ground cover improvement, which was indicated 
in 70% of the cases. Soil cover, be it by vegetation or by dead material (e.g., crop 
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residues, leaves), plays a key role in sustainable land management, especially in the 
tropics and subtropics (Liniger and Thomas, 1998).

Biodiversity enhancement

Although biodiversity has not been a main focus of the WOCAT program, 60% of 
the cases reported biodiversity enhancement. On cropland this is mainly related to 
agro-biodiversity, and on grazing land it is linked with improvements in species 
composition. Again, ground cover and SOM improvement play a key role in above- 
and below-ground biodiversity. Through the implementation of SWC, mixed farm-
ing systems with agroforestry have increased; these favor biodiversity compared 
with mono-cropping systems.

In this chapter, only selected issues related to soil and water conservation are 
presented. A more comprehensive analysis and presentation is provided by 
WOCAT (Liniger and Critchley, 2007), including issues on acceptance and adop-
tion and the importance of capacity building, etc.

4.5 The Important Role of Small-Scale Farmers in SWC

As highlighted in the introduction, small-scale farming has special importance in 
terms of the number of people involved as well as the area covered by small-scale, 
subsistence, and semi-commercial farming. This section highlights a few issues 
related to small-scale farming.

Worldwide, huge investments have been made by small-scale farmers and land-
use systems have been adapted to local conditions, preventing, mitigating or 
 rehabilitating land degradation. This is illustrated by the WOCAT analysis and 
recent documentation of bright spots and successful land management practices 
already mentioned.

CA, as a relatively recent example of an agronomic measure, is based on the 
three basic principles of minimum soil disturbance, permanent soil cover, and crop 
mixtures and rotations. Although made popular through large-scale farming, CA 
has also seen developments and innovations in small-scale farming. Today, CA has 
been adapted to a wide range of farming conditions, from small-scale to large-
scale commercial farming, from the tropics to the medium latitudes (see Figs. 4.8 
and 4.9).

Small-scale farmers have developed a whole range of SWC options requiring 
low inputs and providing increased returns. However, analysis also illustrated that 
small-scale/subsistence farmers are making considerable investments in SWC (see 
Figs. 4.10 and 4.11). This is often done through high labor input, due to the fact that 
labor is more available than any other investment (implements, machines, money). 
Investments are made especially in soil fertility improvement through manure/com-
post, as well as in the construction and maintenance of structural measures, that is, 



Fig. 4.8 Small-scale version of conservation agriculture in Kenya. Direct seeding of maize (after 
wheat) and fertilizer application is done in one pass by a locally manufactured implement. Weeding 
needs an extra application with herbicides or manual weeding

Fig. 4.9 Computer- and satellite-driven direct seeder for precision conservation agriculture in 
Australia, including herbicide application only where green weeds are detected by a sensor, where 
seeding is done and fertilizers applied according to the satellite information about soil fertility and 
previous yields
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for terraces and water harvesting. The WOCAT analysis showed the striking result 
that it is mostly small-scale farmers who are making high investments in terraces.

An additional aspect of small-scale farming is its contribution to water conserva-
tion and water harvesting, thus making more efficient use of the rainwater. There 
are many examples of food production being made possible in dry environments 
without irrigation just by improved water conservation. Given the growing water 
conflicts caused by irrigation water demand and abstraction, the contribution of 
improved rainfed agriculture needs to be sufficiently recognized at the local and 
global levels.

Thus, it is interesting to see that a number of SWC technologies have been 
developed and work under different farming conditions, following similar princi-
ples but using different implements and/or machinery (IIRR and ACT, 2005). An 
important factor in the successful spread of CA has been the exchange of experi-
ences in different subsistence and large-scale commercial farming communities. 
Additionally, lots of innovations have been developed by small-scale farmers 
(Critchley, 1999), preventing degradation, and providing successful examples of 
land-use (conservation) technologies and approaches which have not been 
 sufficiently recognized. There is a large untapped knowledge pool and farmers are 
not given credit for their contribution and the positive impact they have on the 
environment and its functions and services, as well as in the alleviation of poverty. 
“The many small make a big global contribution.”

4.6 Synthesis and Conclusion

In a vision of sustainable agriculture by 2050, the provision of food for 8–12 billion 
people, animal feed to meet a rapidly growing demand for livestock products, 
diverse natural fibers for industry, and alternative fuels to substitute for fossil 
energy have long been the central concerns of strategic planners at the global level. 
However, the IAASTD, which is currently assessing the contribution of science and 
knowledge to agricultural development, is adding other services to be provided by 
agricultural systems for global sustainability, such as ecological services in water 
provision and regulation, biodiversity conservation, and climate-related functions. 
Other services include landscape functions for cultural and touristic uses, as well as 
potential services which are not yet known at present.

Soil degradation, on the other hand, has been widespread on agricultural land, 
both in modern and small-scale traditional farming systems, affecting not only 
agricultural outputs but also the above-mentioned additional services. Sustainable 
land management (SLM), as a consequence, includes the avoidance of soil degrada-
tion and the rehabilitation of degraded landscapes, without which it may not be 
possible to provide the agricultural outputs and services required tomorrow, not to 
mention in 2050. There exist a variety of technologies to prevent the major threat 
of soil degradation, and soil erosion by water and wind in different land-use sys-
tems worldwide, and many examples have been documented and are ready to be 
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applied. Approaches that support implementation, however, have been less success-
fully applied than the technologies; this has resulted in much slower adoption of 
sustainable soil management on the land than needed.

On the one hand, in wealthier nations, where farmers are only a small fraction 
of the population today, usually less than 10%, they have been well supported with 
policies, subsidies, programs, and technologies like conservation agriculture, for 
which farm implements and supplements are readily made available. Hence 
 processes of soil degradation on their land have been effectively reduced in the last 
50–70 years to tolerable levels. Large areas of degradation, nevertheless, still exist 
in modern states, where in the past less attention was paid to SLM, or fewer 
resources were made available by comparison with other priorities for develop-
ment. Most of these states, however, have taken up the issue particularly in view of 
the challenges ahead.

On the other hand, small-scale farmers, who constitute the overwhelming major-
ity of the world’s farming populations today and the largest occupational sector 
worldwide, have been particularly neglected so far, because most of them live in 
poorer nations where they constitute between 40% and 90% of the population. 
Their poverty is caused by limitations in land, labor, and financial capital as well as 
poor physical and social infrastructure rooted in the weak national economies to 
which they overwhelmingly contribute. Furthermore, their land is marginal, and of 
generally poorer quality, although the potential of SLM and increase in productivity 
are considerable.

As it cannot be expected that the number of small-scale farms, with a current 
population of nearly 3 billion people, will change significantly in future—even if 
more and more people move to, and are living in, urban centers—special empha-
sis will be needed to support this target group in its efforts to apply soil and water 
conservation technologies on their farms. This relates particularly to the invest-
ment costs that are initially needed to adapt the current farming system to a sys-
tem that includes sustainable soil management. Helping small-scale farmers in 
this risky transition from current practices to a better system will be a task not 
only for agricultural extension systems in the concerned countries, but for poli-
cymakers, who need to adapt policy environments and take investment decisions 
in state budgets. The international community, finally, has multiple roles to play 
in sustainable soil management, particularly in support of poorer nations, from 
information to impact monitoring, to negotiations with countries, and legal support 
of international actions in science and technology, as well as in policy guidance 
(Hurni et al., 2006).
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Chapter 5
Soil Erosion Studies in Northern Ethiopia

Lulseged Tamene and Paul L.G. Vlek

Abstract Soil erosion is one of the biggest global environmental problems 
resulting in both on-site and off-site effects. The economic implication of soil 
erosion is more serious in developing countries because of lack of capacity to 
cope with it and also to replace lost nutrients. These countries have also high 
population growth which leads to intensified use of already stressed resources 
and expansion of production to marginal and fragile lands. Such processes aggra-
vate erosion and productivity declines, resulting in a population–poverty–land 
degradation cycle.

Rapid population growth, cultivation on steep slopes, clearing of vegetation, and 
overgrazing are the main factors that accelerate soil erosion in Ethiopia. The annual 
rate of soil loss in the country is higher than the annual rate of soil formation rate. 
Annually, Ethiopia losses over 1.5 billion tons of topsoil from the highlands to 
 erosion which could have added about 1.5 million tons of grain to the country’s 
harvest. This indicates that soil erosion is a very serous threat to food security of 
people and requires urgent management intervention.

To circumvent the impacts of erosion, it is important to know the severity of 
the problem and the main controlling factors. Since different portions of the 
landscape vary in sensitivity to erosion due to differences in their geomorpho-
logical, geological, and vegetation attributes, it is also necessary to identify high 
erosion risk areas in order to plan site-specific management interventions. 
Depending on the prevailing erosion processes and controlling factors, the effi-
ciency of soil conservation  measures may vary. This calls for the assessment of 
the soil conservation potential of different management practices. This study 
was conducted in northern Ethiopia in order to assess rates of soil loss, investi-
gate controlling factors, and analyze spatial patterns and management  alternatives. 
Section 5.1 reviews the impacts of soil erosion at global and regional scale. 
Section 5.2 discusses the magnitude of soil erosion in northern Ethiopia based 
on reservoir survey and Section 5.3 explores its major determinant factors. 
Section 5.4 applies soil erosion models to identify high erosion risk areas for 
targeted management intervention and Section 5.5 simulates the potentials of 
different land management/soil conservation techniques in reducing soil loss of 
selected catchments. Section 5.6 summarizes the major findings of the study.
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5.1  Soil Erosion and Its Impacts: Global and Regional 
Perspectives

Soil is being degraded at an unprecedented scale, both in its rate and geographical 
extent. One of the major causes of soil degradation is soil erosion, which is also 
among the most serious mechanisms of land degradation and soil fertility decline 
(Oldeman, 1994). It is the most serious environmental problem affecting the quality 
of soil, land, and water resources upon which humans depend for their sustenance. 
El-Swaify (1994) indicated that water erosion accounted for about 55% of the 
almost 2 billion ha of degraded soils in the world. Lal (1994) compiled worldwide 
data from different sources and showed that the yield of rainfed agriculture may 
decrease by about 29% over the next 25 years because of erosion. Pimentel et al. 
(1995) and Eswaran et al. (2001) estimated world costs of soil erosion to be about 
US$400 billion per year. A recent study by den Biggelaar et al. (2004) shows that 
the value of annual production losses for some selected crops worldwide could 
amount over US$400 million.

Lal (1994) reviewed literature on tropical regions and showed that about 915 
million ha of land was degraded due to water erosion. Lal (1995) estimated crop 
yield reduction of 2–5% per millimeter of soil loss and reported that crop yield 
reduction due to past erosion in Africa ranges from 2% to 40% with a mean loss of 
about 8% for the continent. He also showed that soil erosion in Africa has caused 
yield reductions of about 9%, and if the present trend continues the yield reduction 
by 2020 may be about 16%. Dregne (1990) identified several regions of Africa 
where yield reduction due to erosion is as much as 50%.

In Ethiopia, the productivity of the agricultural sector of the economy, which 
supports about 85% of the workforce, is being seriously affected by soil productiv-
ity loss due to erosion and unsustainable land management practices. The average 
crop yield from a piece of land in Ethiopia is very low according to international 
standards mainly due to soil fertility decline associated with removal of topsoil by 
erosion (Sertsu, 2000). Hurni (1990, 1993) estimated that soil loss due to erosion 
of cultivated fields in Ethiopia amounts to about 42 t ha−1 year−1. According to an 
estimate by FAO (1986), some 50% of the highlands of Ethiopia were already “sig-
nificantly eroded” in the mid-1980s and erosion was causing a decline in land pro-
ductivity at the rate of 2.2% per year. The study also predicted that by the year 
2010, erosion could reduce per capita incomes of the highland population by about 
30%. Taddese (2001) indicated that Ethiopia loses over 1.5 billion tons of soil each 
year from the highlands by erosion resulting in the reduction of about 1.5 million 
tons of grain from the country’s annual harvest.

Although only limited quantitative data are available on the rates and effects of 
soil losses, the persistent deterioration of the quality of the cultivated land in 
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Ethiopia is reflected in degraded slopes, ever-expanding gullies, and associated 
fragmentation of farm fields. Besides its huge impact on on-site land productivity, 
soil erosion also causes rapid siltation of streams and reservoirs accelerating 
 storage capacity loss of water harvesting schemes. The rapid water storage capacity 
losses of dams result in the waste of considerable investments incurred in their 
construction in addition to failure to achieve food security through surface water 
harvesting.

Understanding the basic processes and factors that are responsible for soil 
 erosion and associated phenomena is critical to the design and implementation of 
productive and sustainable agricultural systems. Since all positions of catchments 
do not experience an equal level of erosion, identification of “hot-spot” (high soil 
erosion risk) areas is necessary for targeting site-specific management intervention. 
This study applies an integrated approach to investigate the major geomorphologic 
and anthropogenic factors controlling water erosion, and seeks to assess the spatial 
patterns of sediment source areas, and simulates the potentials of different site-
 specific management interventions at catchment scale.

5.2  Soil Erosion in Northern Ethiopia: Nature and Extent 
of the Problem

In most of Ethiopia, soil erosion by water is a fundamental problem. A casual  visitor 
is usually amazed by the extent and severity of visible soil erosion of farmlands and 
grazing areas. Soil erosion is severe in the more barren and mountainous northern 
highlands. In Tigray (northern Ethiopia), the topsoil, and in some places the subsoil, 
have been removed from sloping lands, leaving stones or bare rock on the surface 
(Tilahun et al., 2002). A study by Hurni and Perich (1992) indicated that the Tigray 
region has lost about 30–50% of its productive capacities compared to its original 
state some 500 years ago. The high soil-loss rates combined with the prominent 
gullies in the region comprise one of the most severe land degradation and soil ero-
sion problems in the world (Eweg and Van Lammeren, 1996).

Despite the severity of erosion and its associated consequences in the region, 
there have been few studies to quantify erosion rates and understand the spatial 
dynamics of erosion processes at the catchment scale. Some of the studies related 
to erosion are based on erosion plots (e.g., Nyssen, 2001), which can not be easily 
extrapolated to basin scale and which are also too few to represent the diverse envi-
ronments of the region. Furthermore, some of the sediment-yield estimates are 
based on suspended sediment sampling at gauging stations and may not be reliable, 
since measurements are not systematic and continuous. The spatial scales of meas-
urements at basin outlets are also generally coarse with limited information to be 
used for small catchment scale management. There is therefore a need to determine 
the rate of soil loss and sediment yield at scales that can help narrow the missing 
link between plot-based and large basin-based studies (Verstraeten and Poesen, 
2001). Studies at these scales are important because many of the solutions to 
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 environmental problems such as soil erosion and nonpoint source pollution will 
require changes in management at the scale of these landscapes (Wilson and 
Gallant, 2000).

Quantitative information on the magnitude and rate of soil loss from catchments 
could help to prioritize areas of intervention based on differences in the severity of 
erosion problems. This study was conducted in the Tigray region of northern 
Ethiopia (Fig. 5.1) to estimate net soil loss/sediment yield in catchments of scale 
3–20 km2 where different forms of erosion processes and a mosaic of heterogeneous 
environmental factors are observed. Reservoir surveys were employed to derive 
quantitative estimates of sediment yield from selected catchments. Reservoir 
 survey methods are more useful and representative because measurements of sedi-
ment deposit do not involve generalized statistical models of sediment erosion and 
transport or spatial extrapolation of point and plot measurements (Stott et al., 
1988). Data derived from reservoir surveys can also provide a more reliable 
 indication of sediment loss from catchments than may be obtained from gauging 
stations and rating curves (e.g., Walling and Webb, 1981). In order to be able to 
extrapolate results to other locations, 11 representative sites were selected on the 
basis of size as well as other physical attributes and anthropogenic practices within 
catchments.

Ethiopia

Adikenafiz

Gerebmihiz

Maidelle
Grashito

Gerebsegen

Adiakor

Gindae

Teghane

Laelaywukro

Korir

Majae

Study sitesTigray Region

Reservoir sedimentation survey was 
conducted for 11 s i tes . Soi l eros ion 
modelling was conducted for Adikenafiz, 
Gerebmihiz, Laelaywukro, and Maidelle 
sites. Land use/cover-design scenarios  
were conducted for Adikenaf iz and  
Gerebmihiz sites.100 0 100 200 300 Kilometers

Fig. 5.1 Location of the study area, Tigray, northern Ethiopia. Over 80% of the dams are built in 
the food-insecure eastern and southern zones of the region (not fully shown here)
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5.2.1 Annual Rates of Soil Losses

The reservoir survey data for the 11 sites shows that net soil losses from catchments 
ranges from about 3–49 t ha−1 year−1 with a mean value of 19 t ha−1 year−1 (Table 5.1).

The relatively high soil-loss variability is due to the wide contrast in environ-
mental variables of the catchments such as terrain, lithology, surface cover, and 
degree of gully erosion. The magnitude of annual soil loss observed in the study 
region is generally higher than the “tolerable” soil loss of about 2–18 t ha−1 year−1 
estimated for Ethiopia (Hurni, 1985). All the erosion estimates of the studied sites 
are above the minimum tolerable limit and five of the catchments have an annual 
soil loss above the maximum tolerable limit. The soil-loss rates are also beyond the 
rate of soil formation of 3–7 t ha−1 year−1 (Hurni, 1983a, b). In addition, the mean 
net soil loss of 19 t ha−1 year−1 is high compared with the mean global (15 t ha−1 
year−1) and mean African (9 t ha−1 year−1) sediment-yield rates (Lawrence and 
Dickinson, 1995).

The observed rates of net soil losses from the studied catchments have direct 
implications for the storage capacity of water harvesting schemes downstream. In 
fact, over half of the reservoirs have lost more than 100% of their dead storage 
capacity (designed to store anticipated sediment until design life) in less than 25% 
of their expected service time. Most of the reservoirs will be filled with sediment 
within less than 50% of their projected service lives. Such accelerated loss of 
 storage capacity means that the planned food security improvement scheme, for 
which the reservoirs were built, is under huge threat. Rapid failure of reservoirs also 
means a much lower internal rate of return and waste of money spent for the con-
struction of the dams, which otherwise could have been invested for other purposes. 
The major food security achievement plan of the government is based on surface 
water harvesting, and this will not be successful unless preventive measures are 
taken before and after the implementation of the runoff collection schemes.

Knowledge of the rate of soil loss is necessary to identify sensitive areas for 
intervention based on differences in the severity of soil loss. It is possible to assess 

Table 5.1 Annual rate of soil loss from the study catchments 
in northern Ethiopia

Catchment name Area (km2) Soil loss (t ha−1year−1)

Adiakor 2.8 5.0
Adikenafiz 14.0 49.4
Gerebmihiz 19.5 39.2
Gerebsegen 4.0 11.7
Gindae 12.8 19.6
Grashito 5.6 30.2
Korir 18.6 10.6
Laelaywukro 10.0 6.5
Maidelle 8.7 23.6
Majae 2.8 6.8
Teghane 7.0 3.5
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which catchments require urgent attention relative to the others and plan appropriate 
management interventions. In this case, catchments which experience soil loss 
above a tolerable limit may require urgent management intervention. The next issue 
is to investigate the major controlling factors in order to be able to design problem-
oriented conservation practices.

5.3  Determinants of Soil Erosion in Northern Ethiopia: 
Causes of Spatial Variability

In order to prescribe appropriate management interventions to tackle soil erosion, 
knowledge of the factors determining erosion processes is necessary. Quantitative 
data related to soil loss from basins and corresponding catchment environmental 
attributes are needed to evaluate cause–effect relationships. These data should be 
collected from representative locations so that statistical analysis can pinpoint the 
causes for the observed spatial variability.

Sediment yield from catchments is a reflection of catchment erosion and depo-
sition processes, which are controlled by terrain, soils, surface cover, drainage 
network, and rainfall-related environmental attributes (Renard and Foster, 1983). 
Spatial variability in the environmental attributes of catchments may therefore 
reflect the spatial variability in sediment yield (Verstraeten and Poesen, 2001). 
Integrated analysis of sediment yield in relation to corresponding environmental 
attributes of catchments could help identify the dominant factors governing soil-
loss variability and evaluate cause–effect relationships at the catchment scale 
(Dearing and Foster, 1993; Phippen and Wohl, 2003). A combination of bottom-
sediment analysis and catchment monitoring also provides a powerful conceptual 
and methodological framework for improved understanding of drainage basin 
 sediment dynamics (Foster, 1995).

In this study, quantitative data related to catchment environmental attributes 
were collected based on analysis of digital elevation models, satellite images, and 
field survey. The catchment attribute data were then integrated with sediment 
 deposition data to evaluate the determinant factors of sediment-yield variability. 
Statistical and principal component analyses were performed to assess cause–effect 
relationships.

5.3.1 Controls of Sediment-Yield Variability Among Catchments

Statistical analyses of the relationship between sediment yield from the catchments 
and corresponding catchment environmental attributes in the study sites show that 
height (altitude) difference, surface ruggedness (terrain irregularity), surface lithol-
ogy, degree of gully-related erosion, and surface cover play major roles in soil-loss 
variability of catchments (Fig. 5.2)
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The height difference is positively and significantly correlated with net soil loss 
because with increasing altitude difference the runoff and potential energy available 
to detach and transport soil particles becomes higher. In catchments with high 
 elevation difference, not only is the energy of flow higher, but also the distance to 
outlets is shorter and the possibility of intermediate deposition is generally lower 
(Fig. 5.3). The surface ruggedness is also significantly correlated with net soil loss 
because removal of water and sediment from the channel and watershed surface 
increases with rapid variation in the slope of catchments.

Since detailed data on soils and their characteristics were not available for all 
catchments, surface lithology was used as a proxy to assess soil erodibility potential 
(Fargas et al., 1997). Surface lithology shows a high positive correlation with soil 
loss; catchments mainly of erodible shale and marl have a higher soil loss than  others 
because such lithologic surfaces are more prone to soil detachment and transport. On 
the other hand, catchments mainly of less erodible rocks such as sandstone and meta-
volcanics show low soil loss partly because of their resistance to erosion.

Figure 5.2c shows that gullies are highly correlated with net soil losses from 
catchments. This may be due to the fact that a dense network of gullies provides 
efficient catchment connectivity to deliver sediment to downslope positions 
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(Poesen et al., 2003). Three of the catchments with high soil loss are characterized by 
spectacular gullies starting from the dams going more than 2–3 km upslope. Gullies 
are also major sources of sediment in most of the catchments due to bank collapse 
and through remobilization of sediment deposited in floodplains (Fig. 5.4). 

Fig. 5.3 Examples of catchments showing high altitude difference and complex terrain with high 
potential for sediment transport and delivery

Fig. 5.4 Examples of gully erosion of floodplains and bank collapses in Tigray, northern 
Ethiopia. The figures were taken in catchments with high sediment yield
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More-gullied catchments produced about double the soil loss of less-gullied  catchments. 
Similar experiences are observed in other regions. For instance, in China, Jiang et al. 
(1980) reported sediment delivery rates for areas with abundant gullies to be 100–186 t 
ha−1year−1. Trimble (1974) estimated about 100 t ha−1year−1 of soil loss from the southern 
Piedmont, a major part of which was due to gully erosion. Shibru et al. (2003) showed 
soil loss of about 25 t ha−1 year−1 from gullied areas in eastern Ethiopia. Livestock dis-
turbances of gully floors and banks as well as trampling of areas near reservoirs 
(Fig. 5.3d) worsen the process of gully erosion in most of the study sites. Evidently, 
attention needs to be given to the rehabilitation/stabilization of gullies and their banks 
and preventing their destabilization due to livestock trampling.

Gullies may be considered as important factors playing double role: both supply 
and transport of sediment. This, however, does not exclude the role of sheet/rill 
erosion in soil loss. In fact, the presence of gullies is a strong indicator that erosion 
is out of control and the land is entering a critical phase that threatens its productiv-
ity (Laflen and Roose, 1998). The presence of eroding and collapsing gullies 
downslope is mostly associated with a high intensity of runoff and sheet/rill erosion 
processes within catchments.

Figure 5.2d shows that land use/cover (e.g., proportion of dense bush/shrub) is 
poorly correlated with soil loss. This is not expected because in theory bush/shrub 
acts as a buffer and absorbs some of the energy of falling raindrops and running 
water. The reason for the poor correlation between land use/cover-related factors 
and soil loss could again be the masking effect of other factors due to high auto-
correlation, a common phenomenon of catchment environmental variables 
(Phippen and Wohl, 2003). Principal component analysis was applied to reduce 
the dimensionality of the data into a few uncorrelated components and to assess 
the role of different factors in determining soil loss. After the principal compo-
nent analysis was run, the effect of surface cover on soil loss became evident as 
land use/cover types formed the second significant principal component (Tamene 
et al., 2006).

Another important factor that is expected to play a significant role in increasing 
runoff and soil loss is slope. Generally, flat land is more stable and soil losses 
increase rapidly with increasing slope. However, slope is poorly correlated with 
sediment yield for the catchments studied (not shown). This may be because of the 
masking effect of some other factors. It is observed that steep-slope areas are 
 correlated with dense surface cover and resistant lithology, while gentle slope areas 
have generally poor surface cover and erodible lithology (Kirkby et al., 2000). 
During such circumstances, the separate effects of slope becomes less clear 
(Rustomji and Prosser, 2001). For instance, the Laelaywukro and Korir sites have 
complex and steep terrains with a high potential for erosion and sediment yield. 
But, these catchments are characterized by less erodible lithology and relatively 
good surface cover, which reduce the severity of erosion and sediment contribution 
(Fig. 5.5)

In addition, most of the conservation and afforestation efforts which reduce 
detachment and transport of fine-sediment particles are concentrated on the rela-
tively steep slopes and remote positions. Steep-slope areas are also less prone to 
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soil loss because they are mostly located higher uphill having less upslope runoff 
contributing area and therefore receive less water. In addition, most of the steep 
slopes are located in the relatively remote parts of the catchments which may have 
reduced sediment delivery to outlets. The influence of slope is, therefore, neutral-
ized by the combined effects of natural and human factors making its relation to 
sediment yield unclear.

When the effect of some variable is masked by others, it is necessary to 
stratify sites, based on some terrain attributes or to exclude the “outliers” from 
analysis (Lu and Higgitt, 1999). We found the relationship between net soil loss 
and slope improved when a correlation was performed after excluding the “out-
lier” catchments from the analysis (Fig. 5.6). This shows the effect of spatial 
heterogeneity on environmental modeling and demonstrates the necessity for 
stratification when heterogeneous catchment attributes with complex interac-
tions affect erosion.

Catchment management plays an important role in the severity of erosion. 
Locations with relatively sound catchment management and conservation practices 
in place (Laelaywukro and Korir) show rather low soil loss despite the high terrain 
potential for erosion. However, the widespread conservation efforts undertaken in 
the region are not always properly maintained and there are several cases where 
terraces are broken, largely due to livestock trampling or severe runoff. This negates 
the effectiveness of the conservation measures and even may allow concentrated 
flow which could enhance erosion and the development of gullies downslope.

A closer look at the environmental factors of the catchments shows that in most 
instances, erosion and sediment transport-enhancing factors coexist, increasing the 
potential soil loss and its delivery. For instance, cultivated land is positively corre-
lated with erodible lithology (Fig. 5.7a) and gully erosion is positively correlated 
with altitude difference (Fig. 5.7b).

Such interactions between the different factors favor both detachment and trans-
port processes, ultimately increasing the potential soil loss from catchments. In general, 
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Fig. 5.5 Scatter plot showing the positions of Laelaywukro, Korir, and Teghane catchments when 
soil loss is plotted against selected attributes. Because of their less erodible lithology and relatively 
dense surface cover, the net soil loss from the three sites is low despite their relatively steep slope
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the coexistence of weak, easily detachable lithologic surface, erodible floodplain, 
and steep terrain (high potential energy to detach, transport, and deliver sediment), 
as well as poor surface cover (less friction and shear strength of materials), acceler-
ated erosion processes in the study areas. Covering the upland noncultivable areas 
with suitable vegetation and conservation of gullies could reduce the speed of run-
off flow and its erosive capacity, ultimately reducing the rate of erosion and its 
associated consequences. The question remains, where in the landscape will inter-
ventions have greatest effect?

5.3.2  Identifying High Soil Erosion Risk Areas of Catchments: 
Where Should We Intervene?

As all landscape positions are not equally sensitive to erosion, one important app-
roach to tackling soil loss is to identify where the sources of most of the  sediments 
are within the catchment (Dickinson and Collins, 1998). Given the widely variable 
rates of soil loss from different landscape units, erosion-control methods to reduce 
soil loss should focus on the units responsible for the delivery of most sediment. 
Limited financial resources and land-use restrictions also forbid the application of 
conservation measures to all areas experiencing soil loss.

Different approaches can be used to identify high erosion risk areas. Soil ero-
sion models represent an efficient means of investigating the physical processes 
and mechanisms governing erosion rates and identifying high erosion risk areas 
(Lane et al., 1997; Jetten et al., 2003). A wide range of models are available that 
differ in their data requirement for model calibration, application, complexity, 
and processes considered. A good model is one that can satisfy the requirements 
of reliability, universal applicability, ease of use with minimum data, comprehen-
siveness in terms of the factors and erosion processes included and the ability to 
take into account changes in land-use and management practices (Morgan, 1995). 
However, no single model can satisfy all these requirements or is the “best” for 
all applications (Grayson and Blöschl, 2000; Merritt et al., 2003). In addition, 
since most of the existing models are developed in the “data-rich” temperate 
regions, they can not be directly applied in “data-scarce” tropical montane 
regions. Generally, models with an adequate physical basis but with optimum 
data requirement for calibration and validation would be preferable for data-
scarce regions.

Recent advances in the development of Geographic Information System (GIS) 
have promoted the application of distributed soil erosion and sediment delivery 
models at the catchment scale (Moore et al., 1991; Maidment, 1996; De Roo, 
1998). Linking erosion simulation models with GIS provides a powerful tool for 
land management. It helps to model large catchments with a greater level of detail, 
allows the presentation of results in more user-friendly formats, and has greater 
power of data manipulation and the ability to provide a detailed description of 
catchment morphology through analysis of digital elevation models (De Roo, 1998; 
Mitas and Mitasova, 1998). GIS technology also allows incorporating physical 
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 heterogeneity in catchments and enables basin characteristics controlling sediment 
detachment, movement, and storage to be considered in a spatially explicit and 
 varying manner (Harden, 1993; Aksoy and Kavvas, 2005).

The Unit Stream Power-based Erosion/Deposition (USPED) model (Mitasova 
et al., 1996) represents a simple approach to simulating the impacts of complex 
terrain and various soil- and land-cover changes on the spatial distribution of soil 
erosion/deposition (Wilson and Lorang, 1999; Wilson and Gallant, 2000). Besides 
its  suitability for complex terrain, its minimum data requirements and its ability to 
predict the patterns of gullies (Mitasova et al., 2001) has made this model suitable 
for the Tigray region. As a result, we applied this sort of model in a GIS environ-
ment to predict the rate of soil loss and to assess the spatial patterns of erosion/
deposition with the aim of identifying high soil erosion risk areas. The model 
results were compared with sediment deposition data in reservoirs and data 
acquired from field surveys.

5.4 Modeling Soil Erosion in the Catchments

5.4.1 Structure of the USPED Model

The USPED model predicts the spatial distribution of erosion and deposition rates 
for steady-state overland flow with uniform rainfall excess conditions for transport-
limited cases of erosion processes (Mitasova et al., 1996). For a transport-limited 
case of erosion, the model assumes that the sediment flow rate (q

s
) is at sediment 

transport capacity (T) based on Julien and Simons (1985):

 | | | | [sin ]q T K qs t
m n= = b  (1)

where K
t
 = transportability coefficient, which is dependent on soil and cover; 

q = water-flow rate approximated by upslope contributing area; m and n = empirical 
coefficients that control the relative impact of water and slope terms and reflect 
different erosion patterns for different types of flow (Mitasova et al., 2001); 
b = slope angle.

Because there were no experimental data available to develop parameters needed 
for the USPED, the Universal Soil Loss Equation (USLE) parameters were 
 incorporated to approximate the impacts of soil and vegetation cover and obtain a 
relative estimate of net erosion and deposition. It was then assumed that sediment 
flow can be estimated as sediment transport capacity (Mitasova et al., 2001):

 T RKCPAs
m n= (sin )b  (2)

where R = rainfall erosivity; K = soil erodibility; C = cover and management; 
P = support practice; A

s
 = unit contributing area.

Equation (2) defines the availability of stream power for sediment transport and 
allows the detection of areas with high mass transport capacity. In a three-dimensional 
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GIS, it is possible to account for other than parallel patterns of sediment flow lines, 
which may actually be converging or diverging from the given computational cell. 
This is accomplished by incorporating a topographic parameter describing profile 
terrain curvature in the direction of the steepest slope and tangential curvature in 
the direction perpendicular to the profile curvature. The net erosion/deposition is 
then estimated as the divergence of the pattern T in the computation domain with 
planar coordinates (x, y) (Mitasova et al., 1996):

 USPED div T s
T T

y
= = +( . )

( * cos ) ( *sin )�

�

�

�

a a
x  (3)

where s = unit vector in the flow direction; a = aspect of the terrain surface 
(degrees).

Equation (3) is based on the unit stream power theory and is amenable to land-
scapes with complex topographies because it explicitly accounts for flow 
 convergence and divergence through the A

s
 term (Moore et al., 1992). The upslope 

area is preferred over the slope-length approach at a catchment scale, since 
upstream area rather than slope-length is the key determinant factor of runoff 
(Desmet and Govers, 1996; Mitasova et al., 1996).

To predict the rates and spatial patterns of soil erosion, the USLE-based erosion 
factors (RKCP) adapted for Ethiopian conditions (Hurni, 1985; Machado et al., 
1996) were used (Table 5.2)

Once the necessary parameters were determined, the USPED model was 
applied in four catchments (Adikenafiz, Gerebmihiz, Laelaywukro, and Maidelle) 
selected for their differences in terrain configuration, land cover and manage-
ment, intensity of gully erosion, and in the amount of net soil loss based on 
 reservoir surveys.

Table 5.2 KCPR factors (adapted for Ethiopia) and used in the USPED model. (Adapted from 
Hurni, 1985; Eweg and Lammeren, 1996; and Machado et al., 1996)

Geomorphological unit:    
(Machado et al., 1996a, b) K-factor (Land cover: Hurni, 1985) C-factor

Erosion remnants with soil cover 0.03 Dense forest 0.001
Erosion remnants without soil cover 0.01 Dense grass 0.01
Badlands 0.04 Degraded grass 0.05
Scarps/denudational rock slopes 0.02 Bush/shrub 0.02
Alluvial fans 0.04 Sorghum, maize 0.10
Alluvial plain and terraces 0.03 Cereals, pulses 0.15
Infilled valleys 0.03 Ethiopian Teff 0.25
(Management type: Hurni, 1985  P-factor Management type P-factor

and Eweg and Lammeren, 1996)
Ploughing up and down 1.0 Protected areas 0.50
Strip cultivation 0.80 Ploughing on contour 0.90
Stone cover (40%) 0.80 Terraces 0.60

Rainfall (R) factor (Hurni, 1985) R = 5.5P − 47; where P is annual precipitation
Note: Ethiopian Teff—Eragrostis tef
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5.4.2 Annual Rate of Soil Losses

The predicted mean annual rate of soil loss for each of the four catchments based on 
the USPED model ranges between 14 t ha−1 year−1 and 50 t ha−1 year−1 (Fig. 5.8). The 
model predicted a higher soil-loss rate than the average soil generation 
rate of 6 t ha−1 year−1 (Hurni, 1983a, b) or the maximum tolerable soil-loss rate of 
18 t ha−1 year−1 estimated for the country (Hurni, 1985) for three catchments. About 
40% of Adikenafiz and Gerebmihiz, 25% of Maidelle) and 30% of Laelaywukro) 
are eroding at a rate higher than the maximum tolerable soil-loss rate of 18 t ha−1 
year−1. More than 35% of each of the three catchments experiences soil-loss rates 
of greater than 25 t ha−1 year−1. An exception is Laelaywukro, where a little less than 
20% of the catchment experiences such soil losses. Generally, if the areas 
 experiencing more than 30 t ha−1 year−1 of soil loss are considered to be in need of 
conservation, 35% (Adikenafiz) and 45% (Gerebmihiz) catchments fall into this 
category. 

The USPED model predicted high rates of soil loss for the Adikenafiz and 
Gerebmihiz catchments compared to the others (Fig. 5.8), which may be attributed to 
their complex terrain and dense network of gullies. The Maidelle catchment has a 
relatively simple linear slope with an elongated shape, which may not favor  erosion. 
Gullies are not as prominent in Maidelle as they are in the other two sites with serious 
erosion. In the case of the Laelaywukro catchment, it appears that existing conser-
vation practices and relatively dense bush/shrub cover and the  dominance of less-
erodible sandstone prevent high net soil loss despite its complex terrain.
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Fig. 5.8 Soil loss predictions of four catchments based on the USPED model in Tigray, northern 
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Generally, the magnitude of erosion predicted by the USPED model exceeds 
deposition. For example, for the Adikenafiz catchment, the USPED shows that 
about 62% and about 27% of the catchment are characterized by erosion and depo-
sition, respectively. This means that soil loss is higher than the amount that can be 
redistributed within the catchments, increasing the potential for sediment export. 
The high soil-loss rates predicted along gullies also indicates that the potential for 
sediment export is higher than for redistribution.

The annual net soil losses from catchments predicted by the model agree very 
well with annual sediment depositions in reservoirs (Pearson’s r > 0.97, a = 0.001, 
Fig. 5.9). The root mean square error, which compares the observed (reservoir-
based) and predicted (USPED-based) soil-loss estimates for the four sites, also 
shows an overall error of the USPED model of about 5 t ha−1 year−1. This means that 
the model can be applied in the region to estimate soil loss with an adequate level of 
accuracy.

5.4.3 Spatial Patterns of Soil Erosion

According to the USPED model, most of the areas experiencing high soil loss are 
the upper parts of catchments and gullies (Fig. 5.10)

The “wavy” appearance of the erosion maps is due to the fact that the steep sides 
of gullies have very high erosion rates while the floors of gullies have very high 
deposition rates.
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Fig. 5.10 Spatial patterns of erosion and deposition for (a) Adikenafiz and (b) Gerebmihiz catch-
ments based on the USPED model in Tigray, northern Ethiopia. Negative values show erosion and 
positive values show deposition
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The landscape positions where erosion is above the tolerable limit are located on 
the upslope, with steepness generally greater than 15°. These areas in most cases 
are characterized by convex slopeform with accelerated flow, which can facilitate 
soil loss and ultimate delivery to downslope positions. Higher elevations and steep-
slope areas with poor surface cover and erodible lithology are more vulnerable to 
accelerated erosion than the lower slope areas of similar cover and lithologic 
attributes. Landscape positions where soil loss is within the tolerable limit are usually 
on low slope gradients of less than 8° with slightly higher erosion rates on culti-
vated fields. However, widespread and collapsing gullies, which experience high 
soil loss, are located in the lower positions of catchments where the slopes are not 
very steep (Fig. 5.10). It is also observed that all steep-slope areas do not necessarily 
contribute high quantities of sediment compared to the gentle slope areas. Intensive 
land use with high soil disturbance is generally located on gentle slopes, while less 
intensive land use occurs on steeper slopes; in which case, the separate effects of 
both topography and land use on catchment response become less evident (Rustomji 
and Prosser, 2001). Some of the upslope positions with steep slopes have less erod-
ible cliffs with little soil material to be detached and transported. Most steep-slope 
areas also have resistant lithology and good surface cover due to inaccessibility for 
cultivation and livestock grazing resulting in lower soil losses. The lower positions 
of catchments and piedmont sides are susceptible to rill/gully erosion as they are 
intensively cultivated and overgrazed.

The potential high soil erosion risk areas identified by the USPED model were 
evaluated during an independent field survey and with soil profile data. The results 
showed that the model generally correctly identified “hot-spot” areas of high soil 
erosion potential. This has made it possible to identify the landscape positions that 
are more vulnerable to erosion and therefore require prior conservation planning. 
Such information can help provide simplified information for decision-makers and 
planners on where intervention is necessary to reduce soil loss from catchments.

5.5  A Land-Use Planning Approach to Tackle Soil Erosion 
in Northern Ethiopia

The factor that can be manipulated to reduce the rate of soil loss from catchments 
and its downstream delivery is land-use/land-cover (LUC). Appropriate land-use 
and land-management practices that maintain good ground cover are useful means 
to reduce soil loss and sediment delivery (Erskine and Saynor, 1995). Since runoff 
and soil loss are both inversely related to ground cover (Costin, 1980; Nearing 
et  al., 2005), afforestation could increase surface-roughness values and reduce the 
impact of raindrops and the ability of running water to detach and transport sedi-
ments (Laflen et al., 1985; Vought et al., 1995). Afforestation of upslope and 
enhancement and maintenance of buffer riparian strips could offer tremendous 
benefits with respect to reducing on-site soil loss and off-site siltation of water 
 bodies (Erskine and Saynor, 1995).
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Model-based spatial scenarios can be used to simulate ways of preventing soil 
erosion and its downstream delivery (e.g., designing alternative land-use and 
 conservation options targeted at specific locations) (Hessel et al., 2003). We used 
the USPED model in a GIS environment to simulate the effect of different land use 
change design measures on annual soil loss from catchments. The simulations 
mainly focused on reorganizing LUC types across different landscapes based on 
predefined criteria such as gullies, slope, and intensity of erosion. Five different 
simulations were performed and the net soil-loss rates were compared with those 
estimated for the baseline condition. The scenarios were run for two catchments 
(Adikenafiz and Gerebmihiz) in the Tigray region, northern Ethiopia.

5.5.1 Scenario Description

Before simulation, the catchments were divided into grid cells of equal size (10 m), 
and relevant catchment attributes were assigned. Erosion factors such as soil erodi-
bility (K), cover and management (C), and support practice (P) were derived for each 
grid cell based on Hurni (1985) and Machado et al. (1996). The rainfall erosivity (R) 
factor was calculated considering the average rainfall of 35 years based on Hurni 
(1985). Terrain-related factors were calculated using the equation (A

s
)m (sin b )n, with 

A
s
 unit-contributing area, sin b slope angle, m and n coefficients. The USPED model 

was then used in a GIS to designate where we should intervene to reduce soil loss to 
a reasonable and acceptable level. The C and P factors were varied for each simula-
tion after identifying areas/landscape positions of prior management intervention. 
The details of the different scenarios (Table 5.3) are as follows:

During the initial scenario (Table 5.3), the status quo net annual soil loss was 
determined using erosion factors that represent the current conditions of soils, 
LUC, rainfall, and management activities. The result was then used as a benchmark 
against which the result of each simulation was compared.

Scenario 2 is aimed at reducing soil loss from gullies and trapping sediment that 
moves along gully channels. Checkdams across gullies and grass buffers alongside are 
often considered cost-effective measures for reducing the sediment delivery to streams 
(Borin et al., 2005). Buffer vegetation, especially grass, acts as a filter by increasing 
surface roughness ultimately reducing the transport capacity of runoff and encouraging 

Table 5.3 Summary of LUC-design and conservation scenarios for the Adikenafiz 
and Gerebmihiz catchments in Tigray, northern Ethiopia

Scenario Description

1 Current/existing condition
2 25-m gully buffer terraced and grassed
3a Areas over 25% slope enclosed/protected
3b 2 and 3a measures combined
4a Areas experiencing soil loss of more than 25 t ha−1 year−1 enclosed
4b 2 and 4a measures combined
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sediment deposition in the bufferstrip. To achieve this, gullies and their 25 m wide 
buffers were terraced (P factor 0.6)1 and seeded with dense grass (C factor 0.01),2 
forming a stable grassed waterway to the reservoirs (Verstraeten et al., 2002).

Scenario 3 was applied to areas with slopes of more than 25%. These slopes 
were converted to enclosures (C factor = 0.01) and protected from human and 
 livestock intervention to regenerate. The threshold slope class was defined accord-
ing to the premise that slopes steeper than 25% will be less suitable for agriculture, 
so excluding them from cultivation may not have a significant impact on crop yield 
and livelihoods of farmers. In addition to enclosing areas with slope steeper than 
25%, a simulation was run with terraced and grassed gullies (Scenario 3b) to assess 
their combined effect on net soil loss reduction.

Scenario 4a targeted areas experiencing high soil loss. Soil loss of more than 25 t 
ha−1 year−1 was selected as a threshold value for categorizing “hot-spot” (high soil 
erosion risk) areas. Note that for the region the maximum tolerable soil loss is around 
18 tha−1 year−1 (Hurni, 1985) and soil formation rates are around 6 t ha−1 year−1 (Hurni, 
1983a, b); therefore soil loss of more than 25 t ha−1 year−1 is considered unacceptable. 
In Scenario 4a, the areas experiencing a soil loss rate of higher than the 25 t ha−1 year−1 
threshold (Fig. 5.11) were enclosed to allow them to regenerate to dense grass/bush 
cover (C factor = 0.01) and the net soil loss after such intervention was calculated. An 
additional Scenario (4b) that considered conservation of gullies and vegetate erosion-
prone areas of more than 25 t ha−1 year−1 with dense grass/bush was also applied to 
assess soil-loss reduction due to these integrated interventions.

5.5.2  Soil Loss Reduction in Relation to the Different 
Interventions

The soil-loss reduction as a result of each scenario is presented in Table 5.4. The 
results of the two catchments are discussed together. The average annual rate of soil 
loss from the two studied catchments based on scenario one was over 45 t ha−1 
year−1 (Table 5.4). This is the net soil loss that can be observed under the existing 
catchment conditions and management practices. This rate is well above the tolera-
ble soil loss and rate of soil generation in the region.

Scenario 2 shows that the rate of annual soil loss could be reduced by over 50% 
through conservation of gullies, exclusion of livestock, and avoidance of cultivation 
up to the very edge of gully banks. This reduction could be accomplished with less 
than 5% of the agricultural land left as set-aside. Scenario 3a indicates that when 

1 P factor values for support practices were defined for Ethiopia by Hurni (1985). Important values 
include ploughing up and down = 1.0; ploughing on contour = 0.9; strip cultivation = 0.8; terraces 
= 0.6; protected areas = 0.5.
2 C factor values for Ethiopia were defined by Hurni (1985) for different cover types. Important 
values include Ethiopian Teff (Eragrostis tef) = 0.25; cereals/pulses = 0.15, sorghum/maize = 
0.10; bush/shrub = 0.02; dense grass = 0.01; dense forest = 0.001.
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Fig. 5.11 Spatial patterns of hot-spot (high soil erosion risk) areas (soil loss of more than 25 t ha−1 
year−1) for two example catchments (a) Adikenafiz and (b) Gerebmihiz in Tigray, northern 
Ethiopia
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Table 5.4 Net soil loss, proportion of cultivable land to be set aside, and areas to be enclosed 
during each scenario for two catchments in Tigray, northern Ethiopia

Adikenafiz Gerebmihiz

Scenario
Net soil loss 
(t ha−1 year−1)

Cultivated 
land foregone*

Area to be 
enclosed**

Net soil loss 
(t ha−1 year−1)

Cultivated land 
foregone*

Area to be 
enclosed**

1 51 n.a. n.a. 43 n.a. n.a.
2 28  4 — 18  3 —
3a 47 10 25 35  8 14
3b 26 15 19 15 10 13
4a 27 27 38 19 24 35
4b 20 30 30 11 29 35
 * Indicates the proportion of cultivated land (%) to be set aside and enclosed.
** Indicates the proportion of land (%) to be afforested (enclosed), excluding grassed gully 
buffers.

areas with slopes greater than 25% are enclosed, a soil-loss reduction of about 13% 
can be achieved compared to the current situation. When conservation of gullies is 
combined with enclosure of areas with steeper slopes (Scenario 3b), the net soil 
loss reduction improves to over 55% (Table 5.4).

When areas experiencing soil loss greater than 25 t ha−1 year−1 were enclosed and 
allowed to regenerate to dense cover (Scenario 4a), a soil loss reduction of about 
50% could be achieved. Through integrated management of erosion-sensitive areas 
and conservation of gullies (Scenario 4b), the soil loss reduction was about 65% 
(Table 5.4). This intervention improves the soil-loss reduction by about15% com-
pared to Scenario 4a.

Generally, conservation practices that involve gullies show relatively better 
impact in reducing soil loss from catchments. This is because gullies are very 
prominent features in the two study sites, serving as prime sediment sources and 
providing catchment connectivity. Management of gullies reduces soil loss better in 
the Gerebmihiz catchment than in the Adikenafiz catchment (Table 5.4); this is 
mainly because the USPED model predicted a higher level of gully erosion in the 
former than in the latter. Enclosing steep-slope areas so as to increase frictional 
resistance by dense cover shows a relatively low reduction in soil loss (Scenario 3a) 
compared to that which can be achieved when targeting gullies. This may be 
because upslope areas are predominantly covered with resistant and less erodible 
rocks with low sediment-yield potential and therefore are not prime sediment 
sources. In addition, most steep-slope areas are less accessible and not very much 
exposed to disturbances by livestock and humans. When integrated management of 
steep-slope areas and gullies (Scenario 3b) is applied, the soil-loss reduction 
improved significantly (Table 5.4). Conservation measures targeting areas of high 
soil-loss risk (Scenario 4a) almost doubled the potential soil-loss reduction com-
pared with that which can be achieved by enclosing steep-slope areas alone 
(Scenario 3a). This shows that steep-slope areas do not necessarily experience high 
soil loss. The soil-loss reduction improves further when both hot-spot areas of soil 
loss and gullies are protected (Scenario 4b).
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5.5.3  Preliminary Evaluation of the Efficiency 
of the Different Scenarios

The different scenarios show a range of soil-loss reduction achievements depending 
upon the locations and types of interventions. The choice of the best measure(s) can 
be made by roughly comparing the benefits due to soil-loss reduction to the costs 
mainly due to exclusion of arable lands from cultivation. Since such cost–benefit 
analyses were not conducted in our study, the amount of soil-loss reduction was com-
pared with the respective proportion of cultivated land to be set aside and enclosed.

Management interventions related to the conservation of gullies (Scenario 2) can 
be considered relatively effective because the fraction of cultivable land to be set aside 
is low while the potential reduction in soil loss is high (Table 5.4). Scenario 3b 
( conservation of sloping areas and gullies) could also be considered efficient since the 
fraction of cultivated land to be withdrawn from its current use and enclosed is rela-
tively small compared with the associated high potential soil loss reduction that can 
be achieved. According to Scenario 3b, a potential sediment-yield reduction of about 
55% could be achieved by withdrawing about 15% of  cultivated land from its current 
use and enclosing it. This is a far better than Scenario 3a (conservation of steep 
slopes), which requires similar fractions of cultivated land to be set aside but delivers 
only a small change in net soil-loss  reduction (Table 5.4).

Scenarios 4a and 4b (management of high soil-loss risk areas and gullies) 
showed significant reduction in sediment yield. However, large parts (about 30%) 
of the cultivated land of the catchments will need to be enclosed and protected from 
livestock and human interference to achieve about 60% soil-loss reduction (Table 
5.4). While the amount of soil-loss reduction is very high, exclusion of over 30% 
of the cultivated land from its current use may have a significant impact on local 
farmers, at least in the short term. The efficiency of the two scenarios may therefore 
be limited from a practical point of view.

Generally, simple comparison of the proportion of cultivable land to be set 
aside with the proportion of soil-loss reduction shows that Scenarios 2 and 3b are 
the most efficient. However, detailed assessment of the trade-offs of each land-
scape position in terms of its productivity and conservation requirement need to 
be conducted to evaluate whether setting aside a given fraction of land is worth-
while. For instance, if the areas to be set aside have limited agricultural produc-
tivity, enclosing them may be an appropriate and efficient intervention despite the 
 proportion of the areas to be set aside. In most cases, areas where high soil loss 
is experienced are either no longer under  cultivation or are not properly managed 
and do not have a high productivity. Excluding such areas from cultivation may 
not have a significant effect on the livelihoods of  farmers. Since enclosing areas 
of high soil-loss risk could exclude large proportion of cultivated land, it may be 
necessary to analyze the soil-loss reduction potential of other alternative conser-
vation practices such as vegetative barriers across slopes.

Most scenarios show that a relatively large decrease in the proportion of  cultivated 
land may be required (except for the case of gullies) to achieve a reasonable decrease 
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in soil loss from catchments. This may not be acceptable considering the already 
small plots of land owned by farmers in the study area. The decrease in arable land 
should, therefore, be accompanied by an intensification of the remaining cropland 
and by an increase in benefits from the proposed enclosures. Since it takes time before 
the new land use can start to benefit the farmers, the government may need to consider 
mechanisms of compensation to make the change economically feasible for farmers 
in the short term, until they are able to derive goods and  services from the enclosures. 
Detailed socioeconomic impact assessment would therefore be necessary to under-
stand the potentials and drawbacks of the management scenarios. In addition to the 
above-mentioned, land-use planning-based  scenarios, it is also important to incorpo-
rate indigenous soil and water conservation practices because imposing only external 
“solutions” without regard for local practices may not be successful and sustainable 
(Reij et al., 1996).

5.6 Conclusion

Soil erosion is a global issue that threatens human livelihoods and civilization. A 
number of factors contribute to the high rates of soil loss at global, regional, and 
local levels. Climate, slope, soils, surface cover, and land management are the most 
important. Land misuse, deforestation, and overgrazing lead to severe erosion and 
excessive sediment yield. Population pressure leads to use of marginal lands and 
steep slope which could accelerate erosion processes.

In the drylands of Ethiopia, a combination of natural and human factors aggra-
vates soil erosion. Additionally, the physical makeup of the highlands with gorges 
and other topographic barriers restricts the implementation of management and 
conservation practices. With increasing numbers of people, cultivation has 
expanded into ecologically fragile and marginal mountainous lands. Soil erosion 
therefore increases, and is a symptom of misuse and mismanagement. To deal with 
erosion, site-specific management measures are necessary.

The statistical analyses employed in this study enabled us to understanding the 
major determinant factors that provoke and accelerate soil erosion in the highlands 
of northern Ethiopia. The modeling exercise makes it possible to identify hot-spot 
areas of erosion that require urgent intervention. The land-use planning-based 
 spatial scenarios demonstrate the possibility of reducing soil loss from catchments 
through the implementation of a range of management activities. In summary, the 
quantitative sediment-yield data acquired for the selected catchments enabled us to 
answer an important question: “How severe is the problem and which sites in the 
region require priority attention?” The statistical analysis based on soil-loss data 
and corresponding catchment attributes helped answer the question: “Which envi-
ronmental attributes of catchments accelerate soil erosion and therefore need 
 priority attention?” The distributed modeling approach enabled us to identify and 
flag landscape positions within catchments which experience high soil-loss rates. 
Finally, the spatial simulations helped us to assess “what conservation measures 
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were more efficient and where they are best sited.” It would be particularly useful 
to go through the modeling scheme we have discussed prior to the construction of 
dams for water harvesting or energy generation.
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Chapter 6
Soil Degradation Under Irrigation

Paul L.G. Vlek, Daniel Hillel, and Ademola K. Braimoh

Abstract Irrigation is a precondition for stable crop production in areas character-
ized by marked variability in rainfall distribution. Despite substantial investment 
in irrigation projects in the past decades, global irrigated cropland area has hardly 
grown. Here we discuss the factors related to the sustainability of irrigation and 
strategies to alleviate them. Water resources deterioration, diversion of water for 
other uses, and soil degradation are the major factors affecting the environmental 
sustainability of irrigated agriculture. Water logging results from the tendency to 
apply water in excess of irrigation requirements. It leads to reduced aeration, nutri-
ent uptake, and crop yields. Salt buildup occurs through the process of capillary 
rise when the water table rises close to the surface. Salinity risks also increases 
when saline water is used for irrigation and when poor fertilizer and poor irrigation 
management are combined. Groundwater drainage is the ultimate precautionary 
measure against groundwater rise and salt accumulation, but its timely installation 
is essential for optimal result. Constant soil monitoring and the use of systematic 
diagnosis testing could also reveal the incipience of soil salinity. Future global 
warming would likely exacerbate water demand for irrigation with the implica-
tions that crops would grow in hotter, drier, and more saline conditions. The ability 
of irrigated agriculture to meet future challenges would therefore depend on the 
progress of new research to enhance adaptation to these changes.

Keywords Soil salinity, waterlogging, drainage, salt tolerance, climate change

6.1 Introduction

Irrigation, the supply of water to crops by artificial means is sine qua non for stable 
agricultural production both in arid regions and areas characterized by marked sea-
sonal variability in rainfall. By supplementing the limited natural supply of water, 
irrigation helps to raise crop yields. It also aids land-use intensification and crop 
diversification in dryland areas by prolonging the effective growing period, thereby 
permitting multiple cropping (2–4 crops) per year. Lastly, irrigation provides synergy 
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with other intensification inputs such as pesticides, fertilizers, and improved crop 
varieties whose efficiency depends on water availability. Therefore, irrigation 
 provides incentives for farmers to invest in agricultural intensification inputs.

Water is a major constraint to food production in several parts of the world. With 
the exception of few areas, the rapid growth in food production during the green 
revolution occurred mainly on irrigated lands. Aggregate food supply in Asia more 
than doubled between 1970 and 1995, with only a 4% increase in the net cropland 
area (Rosegrant and Hazell, 1999). Average cereal yields under irrigation are typi-
cally twice those obtained under rainfed conditions, and irrigation continues to play 
a major role in feeding the world’s growing population, contributing over 40% to 
total agricultural production.

Of all the major human activities, agriculture remains the largest user of water 
at the global level, accounting for about 70% of total freshwater withdrawal 
(Table 6.1). With the exception of Europe and North America that are relatively 
more industrialized, agricultural sector is the largest source of freshwater with-
drawal in all regions of the world. In 2001, agricultural uses accounted for about 
5%, 10%, and 17% of the internal renewable water resources of Africa, the 
Caribbean, and Asia, respectively. Asia has the largest proportion of global fresh-
water withdrawal for agriculture of about 73%.

In developing countries, a substantial proportion of investment in agriculture is 
usually from domestic sources, and irrigation is often the largest beneficiary of public 
agricultural investment. Table 6.2 shows that irrigated croplands increased in all the 
world regions between 1980 and 2003, suggesting significant investment in  irrigation 
in the last 2 decades. Between 1980 and 1990, the amount of land equipped with 

Table 6.1 Freshwater withdrawal by different sectors across world regions in 2001. (Based on 
FAO Aquastat database available at http://www.fao.org/ag/agl/aglw/aquastat/main/index.stm)

Continent/
Region

IRWR*

Total 
volume of 
freshwater 
utilization

Total 
withdrawal 
as % of 
IRWR

Freshwater withdrawal by sector

Domestic Industrial Agricultural

km3/year km3/year km3/year % km3/year % Km3/year %

Africa  3 936 215  21 10   9  4 184 86  5.5
Asia 11 594 2 378 172  7 270 11 1 936 81 20.5
Latin 

America
13 477 252  47 19  26 10 178 71  1.9

Caribbean 93 13   3 23   1  9 9 68 14.4
North 

America
 6 253 525  70 13 252 48 203 39  8.4

Oceania  1 703 26   5 18   3 10 19 72  1.5
Europe  6 603 418  63 15 223 53 132 32  6.3
World 43 659 3 830 381 10 785 20 2 664 70  8.8

* Internal Renewable Water Resources.
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 irrigation increased substantially in Asia (by 17%), Africa and the Caribbean (by 
18%), Europe (by 20%), Latin America (by 22%), and Oceania (by 26%). With the 
exception of Latin America and the Caribbean, the increase between 1990 and 2003 
was higher than the increase in the preceding decade (1980–1990). Europe, Oceania, 
and Asia recorded the highest increase of 45%, 34% and 25%, respectively between 
1990 and 2003. At the global level, the area equipped for irrigation increased by 18% 
between 1980 and 1990, and by 21% between 1990 and 2003.

Some estimates indicate that annual investment in irrigation in developing 
 countries range from US$60–80 billion (DFID, 2000; World Bank 2001). The mar-
ginal increase in total irrigated cropland (Table 6.2) is, however, not commensurate 
with this huge expenditure. Between 1980 and 1990, the increase in proportion of 
cropland area under irrigation was 6% for Asia, 12% for Africa, 9% for the 
Caribbean, 22% for Europe, 16% for Latin America, and 18% for Oceania. With the 
exception of Asia, North America, and the Oceania, the increase in proportion of 
cropland area under irrigation between 1990 and 2003 for other regions of the world 
was lower than the increase between 1980 and 1990. At the global level, the crop-
land area under irrigation increased by 12% between 1980 and 1990, and by just 5% 
between 1990 and 2003. Irrigated area amounts to only 18% of world’s cropland 
area (Table 6.2). About 70% of the world’s irrigated land is in Asia, whereas Africa 
has less than 5%. Thus, taken globally, despite the perceived increase in investments, 
the increase in total area under irrigation has hardly grown.

Two major reasons are responsible for the marginal increase in irrigated cropland. 
Reason one is the dilemma of water resource deterioration, that is, the  depletion and/
or pollution of water resources upon which irrigation projects are based. In many 
 situations, water has been diverted into other uses leading to  fragmentation of rivers, 
alteration of flow regimes, and change in flow and regime with profound ecological 
consequences. Furthermore, competition among many uses or among many adminis-
trative units affects the availability of water for irrigation. Lastly, escalating energy 
costs markedly affect the delivery of water for  irrigation, making irrigated agriculture 
unprofitable. The second reason is the physical and chemical degradation of large 
expanse of irrigated land to the point where further cultivation is uneconomic or 
rehabilitation of degraded land is  economically prohibitive.

Table 6.2 Regional distribution of area equipped for irrigation based on FAO Aquastat. (Database 
available at http://www.fao.org/ag/agl/aglw/aquastat/main/index.stm)

Continent/Region Area (million ha)   As % of cropland

Year 1980 1990 2003 1980 1990 2003

Africa 9.5 11.2 13.4 5.1 5.7 5.9
Asia 132.4 155.0 193.9 28.9 30.5 34.0
Latin America 12.7 15.5 17.3 9.4 10.9 11.1
Caribbean 1.1 1.3 1.3 16.4 17.9 18.2
North America 21.2 21.6 23.2 8.6 8.8 9.9
Oceania 1.7 2.1 2.8 3.4 4.0 5.4
Europe 14.5 17.4 25.2 10.3 12.6 8.4
World 193.0 224.2 277.1 15.8 17.3 17.9
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This chapter addresses the problems affecting the sustainability of irrigation and 
measures necessary to alleviate them. Section 6.2 provides a summary of the upstream 
and downstream effects of dams which regulate flow of water for irrigated croplands. 
Section 6.3 examines the twin problems of waterlogging and soil salinity. The 
 problems are so widespread and pervasive that many are pessimistic that no irrigation 
venture can be sustained in the long run. Leaching and soil amendment to support 
irrigation are discussed in Section 6.4, whereas Section 6.5 discusses groundwater 
drainage, an integral aspect of sustainable irrigation management. In Section 6.6, 
some studies are further reviewed to highlight irrigation problems in different locales. 
Lessons from the case studies generally reveal the need for early warning system to 
indicate the onset of water table rise and salt buildup and thereby respond  accordingly. 
The prospects of global warming due to enhanced atmospheric greenhouse effects are 
discussed in Section 6.7. The possible intensification of the hydrologic cycle calls for 
adaptation strategies to cope with the expected changes. Section 6.8 concludes with 
imperatives for viability of irrigation projects.

6.2 Effects of Dam Construction

In irrigation projects, dams and canals are usually constructed to regulate flow of 
water to ensure adequate storage and supply throughout the growing season. Thus, 
dams represent a major interaction between humans and the hydrologic cycle in 
irrigation development. Currently, about half of the world’s rivers have at least one 
large dam (higher than 15 m). In all, about 45,000–50,000 large dams have been 
built for various purposes ranging from hydropower to domestic, industrial, and 
agricultural uses. About 50% of the world’s large dams were built primarily for 
irrigation, and some 30–40% of the world’s irrigated cropland worldwide relies on 
dams (World Commission on Dams, 2000).

Dam construction often poses several environmental problems, as the ideal topo-
graphic, geologic, and climatic conditions are seldom found in the proximity of 
target irrigation projects. This siting of dams at unfavorable locations makes the 
construction and maintenance of dams economically prohibitive and environmentally 
unsustainable. The environmental impact of dams is summarized in Table 6.3. The 
effects generally result from inundation, flow manipulation, and fragmentation of 
river systems (Nilsson et al., 2005).

Apart from dam construction, another water engineering activity that may 
impact the environment is aquifer mining. Aquifer mining occurs in arid regions 
where insufficient surface water necessitates the use of groundwater for irrigation. 
Because the natural rate of water recharge is low, most of the water extracted from 
the groundwater pool is translocated from the aquifer to the atmosphere (Vorosmarty 
and Sahagian, 2000).

A global overview of dam-based impacts on 292 large river systems (with 
annual mean flow of at least 350 m3 s−1) draining 54% of the world’s land area 
(Nilsson et al., 2005) shows that nearly 139 of the large river systems remain 
unfragmented by dams in the main channel, 119 have unfragmented tributaries, and 
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102 are completely unfragmented. The strongly affected river systems constitute 
52% (i.e., about 41 million km2) of total large river system catchment area, and 
include the 25 river systems with the highest irrigation pressure, 15 of which are 
situated in Asia. Most of the unaffected large river systems are situated in just four 
biomes (tundra, boreal forests, tropical, and subtropical moist broadleaf forests; 
tropical and subtropical grasslands; savannahs; and shrublands), whereas the catch-
ment area of strongly affected river systems constitute more than 50% of three 
biomes (temperate broadleaf and mixed forests; temperate grasslands, savannahs, 
and shrublands; and flooded grasslands and savannahs).

Environmental damage and the question of financial viability caused by dams 
have led to increasing resistance to the construction of large dams by international 
donors such as the World Bank. Between 1950 and 1993, World Bank investments 
for irrigation projects was 7% of its total lending, but this decreased to about 4% 
between 1990 and 1997 (DFID, 2000). However, the need to increase food produc-
tion will make irrigation expansion indispensable in the future. Small dams may not 
be able to cope with the water problems posed by increasing agricultural, domestic, 
and industrial demands. Thus, efforts to minimize the impacts of dams will con-
tinue to be a major challenge.

6.3 The Problem of Water Logging and Soil Salinity

From its inception in the Ancient Mesopotamia about 6,000 years ago, irrigation 
has induced two major processes of degradation that threatens its sustainability. The 
self-destructive, twin menaces of waterlogging and salinization that brought about 
the downfall of ancient hydraulic civilizations continue to plague irrigated agricul-
ture today (Hillel, 2000).

Table 6.3 Upstream and downstream impacts of dams

Upstream Field submergence
 Damage to natural ecosystems
 Displacement of human population could lead to changes in land-use pattern
 Resettlement of people could also create health problems
 Displacement of infrastructure
 Loss of cultural heritage and scenic sites
 Increased vulnerability to natural disasters in some locations
 Water loss through leaching and direct evaporation
 Siltation, leading to reduction in dam’s capacity
 Accelerated erosion
Downstream Reduction in river flow leads to deprivation of water for agriculture

   and other uses
 Water deprivation leads to desiccation and reduces biological diversity
   of riparian ecosystems
 Where a river naturally discharges into a freshwater lake, diversion of water for
   irrigation causes shrinkage of the lake (e.g., Aral Sea and Dead Sea)
 Irrigation water contains salts and fertilizer residues that pollutes
   the downstream
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6.3.1 Waterlogging

Waterlogging is a situation in which soil pores are filled with water due to low 
porosity or poor drainage. It usually results from the application of water in excess 
of crop requirements. It is common in areas where the following situation prevails: 
low-lying lands, fine-textured soils with low permeability, arid regions with high 
rates of evaporation, brackish water (containing 0.5–30 g of dissolved salts per liter) 
and high concentration of Na in irrigation water, inadequate provision for artificial 
drainage, and excessive tillage and soil compaction. In arid and semiarid regions, 
there is always the tendency to apply too much water, as natural drainage is hardly 
sufficient to leach out the salts introduced by irrigation water. Water  flowing down 
the root zone eventually percolates into the water table, increases groundwater, and 
saturates the subsoil. The further addition of irrigation water especially when the 
water table is shallow causes the water table to rise. It is the saturation of the root 
zone with water that leads to reduced aeration, nutrient uptake, crop growth, and 
yield. Total crop failure is common for most crops as carbon dioxide accumulates 
to toxic level. The only remedy in most instances is to plant rice because of its abil-
ity to transmit oxygen from its leaves to the roots. Estimated waterlogging thresh-
olds (as a function of water table depth) at which yields are negatively affected for 
selected crops is presented in Table 6.4.

As a result of poor irrigation practice, waterlogging occurs on about 60 million 
ha of irrigated land worldwide. Turkmenistan is an example of areas of the world 
where waterlogging threatens the sustainability of agriculture. Agriculture in 
Turkmenistan is entirely dependent on irrigation owing to its aridity: low annual 
rainfall (varying from 90 mm in Dashouz to about 400 mm in Kopet Dag) and high 
average temperatures (above 45 °C in the hottest months June–August). Due to gov-
ernment policies that placed priority on cotton, irrigated cropland in Turkmenistan 
increased from about 64,000 ha in 1884 to about 1.5 million ha in 1994. Expansion 
of irrigation network was associated with increased groundwater levels in all parts 
of Turkmenistan from 1986 to 1992 (O’Hara, 1997). The amount of land where 
groundwater levels were less than 2 m below the surface increased by over 285,000 ha 
of irrigated areas. The combined total of water losses in irrigation conveyances and 
infield systems was estimated at 12.4 km3, about half the total water used by the 
country. Most of the losses occurred by seepage, leading to prolific weed growth in 

Table 6.4 Estimated water table depth thresholds at 
which crop yields begin to be negatively affected. (Adapted 
from Houk et al., 2006)

Crop Threshold (cm)

Alfalfa (Medicago sativa) 134
Maize (Zea mays) 113
Melon (Cucumis melo) 100
Sorghum (Sorghum bicolor) 96
Wheat (Triticum aestivum) 85
Onion (Allium cepa) 56
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numerous depressions filled with water. A survey of the reclamation status of land 
under irrigation showed that only 16% of the total land area was classified as good 
for agricultural use, about 37% reckoned as satisfactory, and about 45% deemed to 
be unsatisfactory due to the effects of high water table and salinity (O’Hara, 1997).

As at 2001, only 190 million ha of the world’s arable land (including rainfed 
areas) are drained (Table 6.5). The USA with the largest amount of arable land also 
has the highest amount of drained land.

6.3.2 Soil Salinity

Salt-affected soils classified as saline, sodic, or saline–sodic (Table 6.6) cover over 
830 million ha of the earth surface (Table 6.7). About 48% of these are saline soils. 

Table 6.6 Classification of salt-affected soils

 Electrical conductivity  Exchangeable sodium  
 (dS m−1) percentage (%) pH

Saline > 4 <15 < 8.5
Sodic < 4 >15 > 8.5
Saline–sodic > 4 >15 < 8.5

Table 6.5 Five countries with the largest drained areas. (Adapted 
from Schultz, 2001)

 Total Land Area Arable Land Drained area

Country 106 ha 106 ha 106 ha

USA 936 188 47
China 960 96 29
Indonesia 190 30 15
India 329 170 13
Canada 997 46 10
World 13,000 1,512 190

Table 6.7 Regional distribution of salt affected soils. (Based on FAO dataset available at http://
www.fao.org/ag/agl/agll/spush/table1.htm. Saline–sodic soils are usually included with sodic soils 
because both have similar properties)

 Total area Saline soils  Sodic soils 

Regions 106 ha 106 ha % 106 ha %

Africa 1899.1 38.7 2.0 33.5 1.8
Asia/Pacific and Australia 3107.2 195.1 6.3 248.6 8.0
Europe 2010.8 6.7 0.3 72.7 3.6
Latin America 2038.6 60.5 3.0 50.9 2.5
Near East 1801.9 91.5 5.1 14.1 0.8
North America 1923.7 4.6 0.2 14.5 0.8
Total 12781.3 397.1 3.1 434.3 3.4
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Soil salinity refers to a situation in which the presence of salts renders the soil 
 sterile, whereas sodicity (also referred to as alkalinity) is caused by the specific 
effect of sodium ions adsorbed on clay particles. This leads to deflocculation of soil 
colloids and reduction of soil porosity. Soil salinity results from natural and artifi-
cial causes. The natural causes could be due to the influence of climate and  geology, 
whereas anthropogenic causes include saltwater intrusion, application of fertilizers 
and soil amendments, and irrigation.

Human-induced salinity (secondary salinization) occurs on about 77 million ha 
(Table 6.8), with about 45 million ha of global irrigated cropland salt-affected. 
Secondary salinization markedly affects productivity and is one of the causes of 
desertification in dryland areas.

Soil salinity affects crop growth as a result of increase in the osmotic potential 
of the soil solution. Plants growing in saline soils expend more energy to extract 
water from the soil. Different plants exhibit different degrees of salt tolerance. 
Highly salt-tolerant plants (halophytes) tend to absorb salt from the soil solution 
and sequester it in the vacuoles, with organic compatible solutes helping to regulate 
osmotic pressure in the cytoplasm. Most crops are salt sensitive (glycophytes) and 
tend to exclude sodium and chloride from the shoots, relying more heavily on 
the synthesis of organic osmolytes. In extreme conditions of very high salinity, the 
external osmotic potential may be depressed below that of the cell water potential, 
thus resulting in the net outflow of water from the plant and plasmolysis. The 
 sensitivity of plants to salinity depends on climate, soil fertility, soil physical condi-
tions, and physiological stage of crop development. The salt tolerance of some 
crops is presented in Table 6.9, whereas the effect of soil salinity on crop yields is 
presented in Table 6.10.

Due to the increased prevalence of irrigation-induced salinity, increased toler-
ance of crops is needed to sustain food production. Munns (2005) recently provided 
a review detailing the major adaptive mechanisms of salt tolerance at the physio-
logical and molecular levels. Strategies to improve plant performance on saline 
soils in crop-breeding programs are also discussed.

The quality of water applied during irrigation affects soil salinity and sodicity, 
acidity, nutrient availability, soil structure, and crop yields. The salinity of irrigation 

Table 6.8 Global extent of human-induced salinization. (Adapted from Oldeman et al., 1991)

 Light Moderate Strong Extreme Total

Continent 106 ha 106 ha 106 ha 106 ha 106 ha

Africa 4.7 7.7 2.4 — 14.8
Asia 26.8 8.5 17.0 0.4 52.7
South America 1.8 0.3 — — 2.1
North and Central America 0.3 1.5 0.5 — 2.3
Europe 1.0 2.3 0.5 — 3.8
Australia — 0.5 — 0.4 0.9
Total 34.6 20.8 20.4 0.8 76.6
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water is the sum total of inorganic ions and molecules, the major components being 
Ca, Mg, Na, Cl, SO

4
, and HCO

3
. In order to prevent accumulation of salts up to 

toxic levels, it is necessary to ensure that inputs do not exceed the rate of removal 
from the soil. The hazard of salinity caused by irrigation water containing salts 
depend on soil conditions, climatic conditions, crop species, and the amount and 
frequency of irrigation applied. The degree of limitation posed by irrigation water 
quality is presented in Table 6.11. Generally, irrigation water with electrical con-
ductivity below 0.7 dS m−1 poses virtually no danger to crops, whereas values above 
3.0 dS m−1 may markedly restrict crop growth.

One other important measure of irrigation water quality is the sodium adsorption 
ratio (SAR), defined as

 
SAR

Na

Ca Mg
=

+
2

 

SAR is an indication of the activity of Na in exchange reactions. High alkalinity of 
irrigation water (manifested at pH above 8.5) indicates the predominance of sodium 
in the solution, and the potential for soil sodicity.

Table 6.9 Salt tolerance for selected crops. (Adapted from Mass, 1993)*

 Parameter on which  Electrical conductivity  
Crop tolerance is based Threshold (dS m−1) Rating

Cotton (Gossypium hirsutum) Seed cotton yield 7.7 T
Groundnut (Arachis hypogaea) Seed yield 3.2 MS
Rice (Oryza sativa) Grain yield 3.0 S
Rye (Secale cereale) Grain yield 11.4 T
Sorghum (Sorghum bicolor) Grain yield 6.8 MT
Sugarcane (Saccharum officinarum) Shoot dry weight 1.7 MS
Carrot (Daucus carota) Storage root 1.0 S
Wheat (Triticum aestivum) Shoot dry weight 4.5 MT
Strawberry (Fragaria x ananassa) Fruit yield 1.0 S
Tomato Lycopersicum esculentum Fruit yield 2.5 MS

* The electrical conductivity refers to that of the soil water while paddy rice is submerged; for 
rating, T = tolerant, S = sensitive, MT = moderately tolerant, MS = moderately sensitive.

Table 6.10 Effects of soil salinity on potential yields (%) of selected crops. 
(Adapted from O’Hara, 1997)

  Soil salinity (dS m−1)

 2 4 6 8 12 16

Winter barley (Hordeum vulgare) 100 100 100 100 80 60
Cotton (Gossypium hirsutum) 100 100 100 94 71 47
Rice (Oryza sativa) 100 88 63 38 0 0
Maize (Zea mays) 96 72 48 24 0 0
Pepper (Capsicum annuum) 93 65 37 8 0 0
Carrot (Daucus carota) 86 58 30 1 0 0
Alfalfa (Medicago sativa) 100 86 71 57 29 0
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6.4  Leaching Requirements and Soil Amendments 
Under Irrigation

Water is usually applied in an amount greater than evapotranspiration to flush away 
excess salts in the root zone. However, such application of water should take 
 cognizance of the depth of water table and the lateral rate of flow of groundwater. 
Otherwise, excess water could result in the lowering of the water table leading to 
buildup of salts at intervals between irrigations. The application of optimum water 
quantity to prevent water table rise requires the installation of artificial drainage. 
The standard leaching requirement is to ensure that the maximum concentration of 
soil solution in the root zone is below 4 dS m−1. However, several factors should also 
be considered when determining leaching requirements. This include the spatial 
and temporal variation in the concentration of the soil solution and the degree of 
salt tolerance of crops which depends on factors such as temperature, humidity, soil 
matric potential, nutrient availability, and soil aeration (Hillel, 2000). The inherent 
spatial variability of soils could reduce the efficiency of the leaching process under 
flooding. Under uniform flooding, water percolates at each spot at a rate dependent 
on the local infiltrability of the soil. Sprinkling could be more efficient in the 
removal of salts if carried out at a nonuniform rate adjusted to the properties of soil 
in the field. Provided that the application rate is lower than the maximal infiltration 
capacity of the soil, the flow inside the soil will take place under unsaturated condi-
tions. Under drip irrigation, salts tend to accumulate over the periphery of the wet-
ted volumes of the soil, which could adversely affect crop growth in subsequent 
years. The use of portable sprinklers as a supplement to remove salts in the topsoil 
is more useful than using drip irrigation alone. Leaching is generally enhanced in 
permeable soils. Sandy soils are naturally permeable, whereas, clayey soils are 
permeable only if they are well aggregated.

The application of soil amendments to reduce swelling and dispersion of soil 
colloids also enhances the leaching process. Flocculating agents such as Ca and Mg 
are used to replace exchangeable Na on the colloidal surface. Gypsum (CaSO

4
•2H

2
O), 

Table 6.11 Degree of limitation of water quality for crop production. (Modified 
from FAO, 1985)

 None Slight Severe

Salinity (Assessed using electrical conductivity or total dissolved solids)
Electrical conductivity, EC

w
 (dS m−1) < 0.7 0.7–3.0 > 3.0

Total dissolved solids (mg l−1) < 450 450–2000 > 2000
Infiltration (Assessed using electrical conductivity and sodium adsorption ratio)
Sodium adsorption ratio (%) Electrical conductivity, EC

w
 (dS m−1)

 0–3 > 0.7 0.7–0.2 < 0.2
 3–6 > 1.2 1.2–0.3 < 0.3
 6–12 > 1.9 1.9–0.5 < 0.5
12–20 > 2.9 2.9–1.3 < 1.3
20–40 > 5.0 5.0–2.9 < 2.9
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the commonly applied soil amendment dissolves in the soil solution either until its 
solubility is reached or the supply in the soil is exhausted. During evaporation, 
gypsum precipitates faster than salts of higher solubility. Gypsum requirement for 
replacing exchangeable sodium at the soil colloidal surface is a function of the 
initial exchangeable sodium percentage (ESP), the soil cation exchange capacity 
(CEC), and the depth of soil layer to be treated.

6.5 Groundwater Drainage

Artificial drainage is the removal of excess water within the soil so as to lower the 
water table or prevent it from rising. Drainage maintains favorable aeration and a 
net flux of salts away from the root zone. It reduces surface runoff and erosion, and 
improves soil tilth and machine trafficability. It is generally carried out by means 
of ditches, pipes, or “mole channels” into which groundwater flows as a result of 
the hydraulic pressure gradients in the soil. The design of optimal drainage system 
depends on soil type, topography, the climatic and hydrological regime, and the 
crops to be grown.

Drains are made to direct the excess water by gravity or by pumping to the drain-
age outlet. The outlet may be a stream, a lake, or the sea. Where disposal into any 
of this is not possible, an evaporation pond may be used. The use of such closed 
drainage basin is fraught with certain environmental problems, including negative 
effects on animal species that use such ponds as their habitat, and the potential risk 
that such a pond could become habitat for mosquitoes and other human-disease 
vectors. Deep well injection, a process in which water is pumped into a well for 
placement into porous rock below the ground surface is another option for dispos-
ing drainage water. In regions with acute water scarcity, the drainage water may be 
reused for irrigation. This however requires the effluent to be free from salts and 
trace metals so as not to pose any problems to crop production.

Drainage water could also be mixed with nonsaline irrigation water to increase 
water supply for irrigation. The quantity of nonsaline water required for the blend-
ing depends on crop salt tolerance, salinity of the drainage water, and desired yield 
potential (Table 6.12).

There is increased interest in the utilization of wetlands in the management of 
drainage effluents (FAO, 1997). Wetlands are particularly efficient in removing 
sediments, N and P, through complex interactions among plant, soil, and hydrologic 
parameters to filter and sequester pollutants. The use of wetland for drainage water 
management depends on residence time, flow rate, hydraulic roughness, and wet-
land size and shape (FAO, 1997). The water supply to the wetland must also be 
sufficient to provide an excess amount to discharge and prevent salt buildup.

Saline drainage effluents may also be used in a system of agroforestry. Salt-
 tolerant trees have the capacity to thrive when irrigated with saline water, and also 
have the potential to lower the water table by the extraction and transpiration of 
water from deeper layers in the soil, thereby reducing the volume and expense of 
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drainage needed in an area. Some of the trees that could be used include species of 
eucalyptus, acacia, poplar, and tamarisk (Lee, 1990).

The economic and environmental implications of conventional drainage have 
made some researchers, for example, Konucku et al. (2006) to propose the concept 
of dry drainage as an alternative. Dry drainage entails setting aside part of the land 
(e.g., fallow or abandoned land) as a sink drawing a flux of groundwater and salt 
from the irrigated area. The suitability of dry drainage for wheat–cotton cropping 
pattern was investigated by Konucku et al. (2006) using a simulation model. The 
high points of the simulation results are outlined below:

● Dry drainage satisfied the necessary water and salt balance at an estimated 
 irrigated/fallow area ratio of 1.25 when the water table depth was 150 cm.

● The rate of decrease in cumulative evaporation by the fallow area over a period 
of 30 years was greater during the first decade, but declined toward the end of 
the period. This trend primarily reflects the rate of salt removal from the soil.

● A shallow depth (100 cm) increases the rate of evaporation in the fallow area, but 
leads to excessive salt accumulation, whereas a deep water table (200 cm) does 
not provide enough water flux to sustain the required water balance. A depth of 
150 cm is optimal in terms of surface evaporation and crop production.

● Lastly, the coarser the soil texture, the larger the size of required sink area, and 
the higher the silt content, the smaller the sink area for dry drainage for the same 
water table depth.

The major drawback of the system is that the allocation of relatively large area as 
much as 50% of potentially irrigable land as evaporative sink may not be attractive 
to farmers given the increasing pressure on land and the need to maximize benefits. 
Further research is required in the identification of factors that could help decrease 
the size of sink area for dry drainage.

Table 6.12 Proportion of saline water (%) that can be mixed with nonsa-
line irrigation water (EC

w
 = 0.8 dS m−1) to achieve a potential yield of 100% 

and 80% for selected crops. (Modified from Qadir and Oster, 2004)

 ECw

 4 6 8 10

Crop Saline water proportion (%)

100% yield    
Lettuce (Lactuca sativa) 2 2 1 1
Alfalfa (Medicago sativa) 14 9 6 5
Tomato (Lycopersicon esculentum) 25 15 11 9
Cotton (Gossypium hirsutum) 100 62 44 35

80% yield    
Lettuce (Lactuca sativa) 37 23 17 13
Alfalfa (Medicago sativa) 80 52 39 31
Tomato (Lycopersicon esculentum) 78 48 35 27
Cotton (Gossypium hirsutum) 100 100 100 100
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6.6 Some Case Studies of Problems Associated with Irrigation

6.6.1 Irrigation with Saline Water

One major implication of dwindling water resources is that saline water has to be 
used to meet irrigation requirements in some parts of the world. Tedeschi and 
Dell’Aquilla (2005) reported an irrigation experiment to evaluate the effects of 
 irrigation with saline water on ECe, soil sodicity (ESP), and aggregate stability in 
a clay–silty soil in Vitulazio, Italy over a 7-year period from 1995 to 2001. Three 
saline concentrations of irrigation water (0.25%, 0.5%, and 1% NaCl) and two 
 irrigation levels (100% and 40% restitution of evaporation) were applied in a rand-
omized block design. The results indicated an increase in ECe up to a depth of 
155–175 cm for all treatments except control. Lower values of ECe at 20 cm depth 
were explained by leaching due to autumn–spring rainfall that transports the salts 
down the profile. Beyond 175 cm, ECe generally decreases with depth. ESP also 
decreases with depth and increases with the quantity of NaCl applied. The 0–40 cm 
layer of the most saline treatment (1% NaCl under 100% irrigation) took on saline–
sodic characteristic with ECe > 4 dS m−1 and ESP >15%, whereas at 75, 155, and 
250 cm depths, the treatments with 0.5% NaCl under 100% irrigation, and 1% NaCl 
under 100% irrigation took on saline characteristic with ECe > 4 dS m−1 and ESP 
< 15%. In all these treatments the pH was lower than 8.5. Study of changes over 
time revealed that, there were no significant changes in ESP at 20, 75, and 155 cm 
depths for the control treatment, whereas there was a significant increase in ESP 
over time (P < 0.01) for the 0.5% and 1% NaCl treatments at these depths. Only the 
treatment with 1% NaCl experienced an increase in ECe over time at the 20 cm 
depth at the rate of 0.5 dS m−1 year−1 (Tedeschi and Dell’Aquilla, 2005). A progres-
sive and significant increase in salinity was observed at 75 cm depth especially as 
the salt load increases. However, the rate of salt accumulation did not change over 
time for a given amount of NaCl applied yearly, even though it increased with the 
amount of NaCl applied. An inverse relationship was observed between the index 
of aggregate stability in water and NaCl and ESP (P < 0.01), suggesting the degra-
dation of soil structure with an increase in quantity of NaCl.

6.6.2 Land Use Effects on Salt Mobilization

Macaulay and Mullen (2007) employed groundwater modeling to assess potential 
saltwater movement under various land uses. A flow-tube model in combination 
with soil-salinity maps derived from airborne electromagnetic survey was used for 
the study. Five different land-use/management scenarios were simulated in 5-year 
steps over a period of 100 years. The scenarios consisted of leakage from large 
water storage characteristic of the local irrigation system at two locations with 
 different horizontal hydraulic conductivity (0.081 and 0.013 m day−1),  long-term 
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irrigation of cotton with a deep drainage rate of 77 mm year−1, extensive grazing 
assuming a groundwater recharge rate of 0.6 mm year−1, and grazing and rainfed 
wheat with deep drainage of 6 mm year−1 for wheat. The results indicated that in the 
land-use/management scenario with relatively transmissive regolith and soil 
(hydraulic conductivity of 0.081 m day−1), groundwater is predicted to rise to the 
ground surface in 20 years, with a significant increase (> 50,000 m3) in the volume 
of salt in the saturated zone. No significant risk in lateral salt movement was how-
ever observed. In the land-use/management scenario with hydraulic conductivity of 
0.013 m day−1, predicted increase in the volume of groundwater was only 13, 
700 m3. The leakage of water and the lateral movement of salt onto the floodplain 
are restricted by the low permeability of the regolith. The long-term irrigated-cotton 
scenario predicted groundwater reaching the surface within 15 years. However, 
owing to the presence of an area of low permeability downgradient, increase in 
subsurface salt transport will be minimal. No risk of waterlogging or dryland salin-
ity was observed for the extensive-grazing scenario. The last scenario consisting of 
grazing and rainfed wheat was predicted to generate an increase in groundwater 
(> 67,000 m3) in the area under wheat, with potential salt mobilization restricted to 
the area under wheat. Modeled water levels are predicted to remain below the 
ground surface after 100 years, and dryland salinity is not likely to develop.

6.6.3  Combined Effects of Water Logging and Salinity 
in Colorado

Houk et al. (2006) recently estimated the combined effects of irrigation-induced water-
logging and salinization in a 160,000 ha farmland along the Lower Arkansas River of 
Colorado between 1999 and 2001 cropping seasons. A hydrologic model that gener-
ates information on soil salinity levels and water table depth was linked to an economic 
model that evaluates productivity losses in the area. The lowest average profit of about 
$390 ha−1 was estimated for 1999, the growing season with the highest average soil 
salinity levels and shallowest average water table depths. By comparing baseline prof-
its with expected profits without yield reductions  associated with waterlogging and 
salinity, total profits foregone as a result of waterlogging and salinity ranged between 
$3.1 million in 2000 to $5.4 million in 1999. Houk et al. (2006) further estimated a 
potential increase of average profits for the farmland area by 39% if salinity and water-
logging problems could be ameliorated. Relationship between  further soil degradation 
and agricultural profitability is not linear, suggesting that additional degradation from 
current level could result in  proportionally higher yield losses that could threaten the 
viability of agriculture along the Lower Arkansas River.

6.6.4 Fertigation and Soil Salinity in Lebanon

Darwish et al. (2005) assessed the integrated impact of fertilization and irrigation on 
secondary salinity in two areas in Lebanon. The first area is the Bekaa valley 
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characterized by low annual rainfall of less than 250 mm and annual potential 
 evaporation of about 1,600 mm. Soils of the Bekaa valley are low in organic matter 
(> 0.7%), have massive structure with texture varying from loam to silty loam; human 
impact has led to the removal of the shallow petrocalcic layer. Farmers intensively 
cultivate the mixed soil material in monoculture or rotation cropping pattern using high 
fertilizer and water inputs, with groundwater as the only source of irrigation (Darwish 
et al., 2005). Significant buildup in soil salinity was observed within a relatively short 
period of time (1997–2000). The proportion of nonsaline soils (ECe < 2 dS m−1) 
decreased from about 35% to 16%, saline soils (ECe of 4–8 dS m−1) increased from 
32% to 39%, and highly saline soils (ECe > 8 dS m−1) increased from 10% to 15%.

In northeast Lebanon, Darwish et al. (2005) observed no salinity hazards when 
surface irrigation or sprinklers were used in monoculture (Table 6.13). The lowest 
salinity value (ECe = 0.7 dS m−1) was obtained under rainfed flooding, whereas the 
highest salinity value (ECe = 8.6 dS m−1) was observed under monoculture with drip 
irrigation system. Salinity generally increased with number of years of  farming, and 
the layer of salt accumulation is shallower for drip irrigation systems (Table 6.13). 
Poor drainage control amplified the negative response of crops to salinity. The sig-
nificant alteration of soil resilience due to salt accumulation, inadequate skills for 
irrigation management, and the absence of effective extension  services led farmers 
to abandon their plots (Darwish et al., 2005).

Darwish et al. (2005) also observed surplus N applications relative to crop removal 
of 51kg ha−1 for melon, 65 kg ha−1 for watermelon, and 319 kg ha−1 for tomato. The 
fertilizers applied were NH

4
NO

3
 and KNO

3
 with partial salinity index of 2.9 and 5.3 

respectively.1 The observed ranges of salinity at 20 cm depth under the crops were 
0.3–0.9 dS m−1 for watermelon, 2.0–4.2 dS m−1 for melon, and 3.5–13.7 dS m−1 for 
tomato. Excessive fertilization is also attributed as one of the major probable sources 

Table 6.13 The impact of cropping pattern and irrigation technique on soil salinity in northeast 
Lebanon. (Adapted from Darwish et al., 2005)

     Cereal-based
Cropping pattern Monoculture    rotation

Soil salinity (dS m−1) <1 1–2 4–6 > 6 <1
Irrigation technique Rainfed flooding Sprinklers Drip Drip Drip followed by 

       sprinkler
Farming period (years) 1 3 5 7–10 8
Layer of salt  No salinity hazard 40–80 0–40 0–40 No salinity hazard

accumulation (cm)

1 An important criterion of fertilizer management under irrigation is fertilizer salt index. Fertilizer 
salt index is a measure of the amount of salt induced in the soil solution as a result of the applica-
tion of a unit of plant nutrients. It is calculated as the ratio of the increase in osmotic pressure pro-
duced by the fertilizer relative that produced by the same weight of Na NO

3
, based on a relative 

value of 100 (Western Fertilizers Handbook, 1995). Another related measure of salt induced by 
fertilizers is the salt content per kg or element applied, referred to as partial salt/salinity index. The 
application of fertilizers with high salt index increases the potential for salt buildup, especially 
when large amounts of fertilizer is applied and recovery of applied nutrients is low.
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of soil salinity in greenhouse production in the coastal area of Lebanon, as water 
quality explained only about 29% of the variation in soil salinity. Owing to poor 
 fertilizer management and irrigation scheduling, soil salinity inside the greenhouses 
increased 6.5-fold compared to outside soils (Darwish et al., 2005).

6.6.5 Lessons from the Case Studies

The above-mentioned case studies generally illustrate the importance of having an 
early warning system to detect the onset of problems in irrigated agriculture. The a 
priori installation of drainage is the prime preventive measure against waterlogging 
and soil salinity, and when it is not provided, progressive salinization could lead to 
land abandonment. While irrigation projects can often function without hindrance 
for years in areas where the land is naturally well drained, late installation of drain-
age especially in river valleys often results in a series of cascading events that could 
eventually lead to the collapse of the irrigation projects. Soil salinity is normally 
monitored by a combination of soil sampling, soil solution sampling, and various 
in situ devices that measure salinity. Systematic diagnostic testing conducted 
repeatedly can provide timely warning of the onset of salinity before it becomes 
severe. Another method to detect early occurrence of salinity is to place salt-
 sensitive plants at regularly spaced intervals in the irrigation area. The plants may 
exhibit symptoms of physiological stress that would allow farmers to respond 
quickly to salt problems. The use of surface-monitoring equipments to detect and 
map soil salinity (Rhoades et al., 1997) could also be useful.

Depths of the water table can be monitored by means of observation wells and 
piezometers inserted into the soil to a depth well below the water table. An observa-
tion well is perforated to permit free inflow of groundwater along the length of the 
tube below the water table, whereas a piezometer is an unperforated tube with its 
only opening at the bottom. As such, a piezometer indicates the hydraulic head (or 
pressure) of the water at the bottom of the tube, rather than the position of the water 
table. A set of several piezometers, inserted side by side to different depths, can 
indicate the vertical gradient of the hydraulic head below the water table. The direc-
tion and magnitude of the gradient indicates the tendency of the groundwater, and 
therefore of the water table to rise or fall.

6.7 Irrigation and Climate Change

Future agricultural water requirements would be primarily determined by the food 
demand of the growing population. Socioeconomic development would also play a 
key role in water availability by increasing the competition between agriculture and 
other sectors for water resources. On the other hand, increases in greenhouse gas emis-
sions associated with socioeconomic development could significantly alter the Earth’s 
climate with the potential to intensify the entire hydrological cycle. The potential 
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impact of climate change on irrigation water requirements has been the focus of some 
research in the past few years (e.g., Doll, 2002; Rosenzweig et al., 2004). Fischer et al. 
(2006) recently evaluated the potential changes in irrigation water requirements within 
a modified Intercontinental Panel on Climate Change (IPCC) socioeconomic scenario. 
As a result of projected irrigated cropland of 393 million ha by 2080, net irrigation 
water requirements is expected to reach 1961 Gm3. Compared to 2000, the additional 
irrigated water requirement represents an increase of 50% in developing countries and 
16% in developed countries. Climate change has an appreciable influence on predicted 
global net irrigation water requirements: an increase of 409 Gm3 by 2080 (Fig. 6.1). In 
fact, 65% of this increase is from higher daily crop water use as a result of warmer 
temperatures and altered rainfall regime, whereas 35% results from extended crop cal-
endars (Fischer et al., 2006). The impact of climate change will however differ for dif-
ferent parts of the world. In the Mediterranean regions, the combination of low rainfall 
and high temperature could lead to high evapotranspiration losses and exacerbate 
water stress for crops. The reduction in availability of good quality water for irrigation 
would increase the use of saline water, thereby accentuating salinity problems in the 
region. This implies that crops will have to grow in hotter, drier, and more saline envi-
ronments (Chartzoulakis and Psarras, 2005). Climate change mitigation is predicted to 
reduce net irrigation water requirements from 2,370 Gm3 to 2,212 Gm3, corresponding 
to about 39% of water requirements due to climate change. The global annual costs of 
additional irrigation water withdrawals were estimated at $27 billion, with 63% of 
these costs anticipated for developing countries (Fischer et al., 2006).

6.8 Conclusions: Making Irrigation Sustainable

The sustainability of irrigation is affected by a myriad of interrelated factors including 
competition among different sectors for limited water supplies. This calls for the 
adjustment of water-use patterns for all sectors, including agriculture. As water is 

Fig. 6.1 Predicted global net irrigation water requirements without climate change (WCC), with 
Hadley climate change without mitigation (CCW), and with mitigated Hadley climate change 
(CCM). (Adapted from Fisher et al. (2006))
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becoming increasingly scarce, there is the need for sound and timely guidance on 
optimizing water quantity and scheduling for irrigation. Economic incentives that 
encourage water conservation are also required. Other market factors that affect 
irrigation viability are changing prices of such essential inputs as seeds, fertilizers, 
pesticides, labor, equipment, and other services, as well as energy. One method to 
adapt to the changing market conditions is to alter the crop mix in favor of high-
valued fruits, vegetables, and industrial crops (e.g., biofuels). Another strategy is to 
employ more sophisticated technology and management at the field level. Greater 
emphasis also needs to be given to efficient water and energy use that minimizes 
environment degradation.

There is also the need to intensify basic and applied research in biotechnology 
to produce crops requiring less water and nutrients, and increase tolerance to 
 salinity whilst yielding products of superior quality. However, the genetic manipu-
lation of crops also poses risks to natural ecosystems and must therefore be pursued 
with great caution. In due course, the ability of irrigated agriculture to meet future 
challenges will largely depend on the progress of new research to enhance adapta-
tion to changing climatic and socioeconomic conditions. Such research is itself 
costly in the short run, but is a wise investment for private, public, national, and 
international agencies in the long run.
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Chapter 7
Nutrient and Virtual Water Flows in Traded 
Agricultural Commodities

Ulrike Grote, Eric T. Craswell, and Paul L.G. Vlek

Abstract Globalization and increasing population pressure on food demand and 
land and water resources have stimulated interest in nutrient and virtual water flows 
at the international level. West Asia/North Africa (WANA), Southeast Asia, and 
sub-Saharan Africa are net importers not only of nitrogen, phosphorus, and potas-
sium (NPK) but also of virtual water in agricultural commodities. Nevertheless, the 
widely recognized declines in soil fertility and problems related to water shortage 
continue to increase, especially in sub-Saharan Africa. The nutrients imported 
are commonly concentrated in the cities, creating waste disposal problems rather 
than alleviating deficiencies in rural soils. And also the water shortage problems 
continue to contribute to intensified desertification processes, which again lead to 
increased urbanization and thus water shortage problems in cities. Countries with 
a net loss of NPK and virtual water in agricultural commodities are the major food 
exporting countries—the USA, Australia, and some Latin American countries. 
Understanding the manifold factors determining the nutrient and water flows is 
essential. Only then can solutions be found which ensure a sustainable use of 
 nutrients and water resources. The chapter ends by stressing the need for factoring 
environmental costs into the debate on nutrient and water management, and advo-
cates more transdisciplinary research on these important problems.

Keywords Nutrient flows, virtual water flows, international trade, environmental 
degradation

7.1 Introduction

Vast quantities of water and nutrients are employed in the production of the food that 
is traded globally. The term “virtual water” refers to the water volume which is used 
in the process of producing food (Allan, 1997). For example, it has been found that it 
takes 500–4,000 l of water to grow 1 kg of wheat depending on the location and the 
technology. In comparison, the production of 1 kg of beef requires about 10,000 l due 
to the amount of feed consumed by the animals (de Fraiture & Molden, 2004). 
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Similarly, it requires different amounts of nutrients to produce 1 kg of wheat, rice, 
potatoes, or beef, although the regional nutrient requirements vary less based on 
climate, location, and technologies than compared with water. However, in the case 
of nutrients, the international transfer in traded commodities is of real not “virtual” 
nutrients.

Changes wrought by humans in nutrient cycling and budgets are complex and 
vary widely in magnitude across the globe. In the 35 years between 1961 and 1996, 
nitrogen fertilization increased 6.87-fold and phosphorus fertilizer use increased 
3.48-fold as food production increased 1.97-fold, according to Lambin et al. 
(2003). On the other hand, Vlek et al. (1997) estimate that 230 Tg1 of plant nutrients 
are removed yearly from agricultural soils, whereas global fertilizer consumption 
of N, P

2
O

5
, and K

2
O is 130 Tg. In the case of nitrogen the estimated 90 Tg from 

biological fixation must be added to the nitrogen supply. Developing countries now 
consume half the global fertilizer production, but the use is uneven since cereal 
crops grown on the irrigated lands of Asia and cash crops receive most of the nutri-
ents. At the other end of the scale, rainfed areas producing subsistence food crops 
in the tropics, particularly in sub-Saharan Africa, receive little or no fertilizer. In 
these areas, the farms of poor smallholders develop negative nutrient balances that 
render continued crop production unsustainable (Stoorvogel & Smaling, 1990). 
This exploitation of native soil fertility is coupled with the decomposition and 
decline in soil organic matter that contributes carbon dioxide to climate change.

At the global scale, Miwa (1992) analyzed trends in international trade in food 
commodities that led to significant negative balances in exporting countries and 
accumulations in importing countries. Japanese scientists recognized the impor-
tance of this problem in their own country which, as a major food and feed grain 
importer, faces serious nutrient disposal problems due to pollution and eutrophica-
tion (Miwa, 1992). Penning de Vries (2006) took this analysis further, describing 
the environmental problems at both the sources and the sinks of nutrients that move 
in food commodities. The increasing demand for livestock products in developing 
countries and the expansion of feed grain use exacerbate the problems (Bouwman 
& Booij, 1998). Livestock production significantly affects the environment because, 
as indicated by data for nitrogen, the average efficiency of nutrient conversion from 
feed to animal products is only 10%, while on efficient dairy farms the range is 
15–25% (van der Hoek, 1998). Not only the quality of water is negatively affected 
through nutrients or antibiotics used in intensive livestock production, but also the 
total amount of water use as such is immensely high having respective conse-
quences for virtual water contents (Naylor et al., 2005).

The environmental impacts of inter- and intra-national nutrient flows through 
trade commonly concentrate in the burgeoning cities (Penning de Vries, 2006). For 

1 This chapter utilizes SI units as follows: Mg = 1,000 kg (1 metric ton); Gg = ,000,000 kg (1000 t); 
Tg = 1,000,000,000 kg (or 1 million t); unless specified as the oxide forms P

2
O

5
 or K

2
O, amounts 

of P and K are converted to, and expressed as uncombined elements; the exceptions are where 
quoted papers expressed combined NPK data in oxide forms that could not be converted to ele-
mental forms.
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example, Faerge et al. (2001) estimated that 20,000 Mg of nutrients were annually 
imported in food into Bangkok, and that large amounts of nutrients were lost, mainly 
to the waterways. Coping with large inputs of nutrients in the environment is a major 
problem facing urban administrations, and the problems are likely to get worse as 
urban populations grow. Similar problems occur in intensive animal production sys-
tems. Nutrients can be recycled through the application of solid or liquid wastes to 
urban and peri-urban crops and forages but, in spite of the obvious benefits, the 
extent of recycling is limited in most cities; the potential health problems are a con-
straint, but safe methods of using wastes are available (Keraita et al., 2003).

Nutrient outflows from fertilized agricultural lands into coastal zones are a 
widespread problem, particularly in industrialized and developing countries where 
urea is used excessively (Glibert et al., 2006). In marginal uplands soil erosion by 
water (and in some cases by wind) also enriches surface waters with nutrients. 
Some sediment may be deposited and enrich lowland areas. However, annual net 
ocean outflows of sediments in Asia are as high as 7,500 Tg, representing a major 
loss of nutrients to the countries concerned (Milliman & Meade, 1983; Craswell, 
2000; Syvitski et al., 2005). Global river flows of dissolved inorganic nitrogen to 
the oceans have been estimated at 48 Tg per annum, whereas 11 Tg per annum is 
transported to drylands and inland waters (Boyer et al., 2006). Urban wastewater 
sources of nitrogen represent 12% of the nitrogen pollution in rivers in the USA, 
25% in Europe, and 33% in China (Howarth, 2004). These flows of nutrients are in 
turn affected by human diversions of surface water, such as dams that collect silt 
and reduce flows to natural wetlands.

The impact of human development on nutrient fluxes in rivers and the seas rep-
resent major perturbations to natural terrestrial and aquatic nutrient cycles. In addi-
tion, it is important to consider the effects of fertilizers, the production and transport 
of food, and land transformation for agriculture on fluxes of nitrous oxide because 
the gas contributes significantly to the greenhouse effect and ozone depletion. 
Furthermore, nitrates and other nutrients accumulate in groundwater and can affect 
human health. Nitrogen has been more extensively studied than the other macronu-
trients, phosphorus and potassium, possibly because human impacts on the global 
nitrogen cycle extend to industrial perturbations, and atmospheric as well as terres-
trial and aquatic phases (Galloway & Cowling, 2002).

While trade in nutrients is mainly considered a reason for environmental 
 problems, trade in virtual water is partly seen as a solution to environmental prob-
lems. Trading virtual water is expected to ease some of the pressure related to 
water shortage and desertification, since countries buying food also purchase water 
resources, thereby saving water they would have needed for producing the food 
domestically. It is, for example, estimated that globally 8% of the total water 
needed for food production can be saved through international food trade (Oki 
et al., 2003). But also at a national level, situations can arise where food trade 
becomes necessary due to water shortage problems, as it happens in the case 
of China: North China has become a major food producing area for the south of 
China although it faces severe problems of water scarcity. Nearly 10% of the 
water used in agriculture in the north is used to produce food for south China. 
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To compensate north China for this virtual water flow, a South–North Water 
Transfer Project is currently being implemented. This leads to the paradoxical 
situation of planning to transfer huge amounts of water from the south to the 
north, while exporting substantial virtual water from the north to the south 
(Ma et al., 2006). In many countries, the transfer or import of virtual water may 
minimize the need to build dams and diversions thereby reducing the negative 
social and environmental impacts (see Chapter 6).

Our brief review above indicates that a substantial, though fragmented knowl-
edge base is developing on the agricultural, ecological, and environmental aspects 
of alterations to nutrient and virtual water flows and balances at different scales. 
Many of the ecological aspects are now better understood, but the economic 
impacts and implications of these perturbations to nutrient cycling have been rela-
tively neglected. One exception in the area of nutrient balances is the work of 
Drechsel and Gyiele (1999) who developed a framework for the economic assess-
ment of soil nutrient depletion. They showed that the annual cost of replacing 
nutrients lost from arable land in countries of sub-Saharan Africa ranges from <1% 
to as high as 25% of the national agricultural Gross Domestic Product (GDP). They 
estimated that every farm household member contributes about US$32 to the 
annual nutrient deficit. Related to the annual and permanent cropland in sub-
Saharan Africa, the average costs are about US$ 20 ha−1 year−1. While this is the 
case in poor rural areas, at the other end of the spectrum, billions are spent combat-
ing environmental pollution from nutrient accretions in urban areas and in lands 
used for intensive livestock production in both industrialized and developing 
countries.

This chapter focuses on trends, causal factors, and policy implications related 
to nutrient and virtual water flows. In Section 7.2, we first review recent esti-
mates of nutrient flows in internationally traded agricultural commodities in 
1997 and International Food Policy Research Institute (IFPRI) projections to 
2020, and then some estimates of virtual water flows. Section 7.3 discusses the 
causal factors for both types of flows. We then consider the implications for cur-
rent agricultural, trade, and environmental policies for nutrient and water flows 
associated with international trade in Section 7.4, and summarize our results in 
Section 7.5.

7.2 Trends in Nutrient and Water Balances

International trade of agricultural commodities leads to international flows of nutri-
ents and virtual water. However, few quantitative studies have been conducted esti-
mating current and future nutrient and virtual water flows. In this chapter, nutrient 
and water flows at the national and global scales will be reviewed. We begin by first 
outlining the methods used by Grote et al. (2005) to estimate the respective flows 
and balances, and then proceed to present illustrative results, first for nutrients and 
finally for virtual water.
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7.2.1 Nutrient Flows in Trade

7.2.1.1 Methods

Grote et al. (2005) estimated nutrient flows by following the study of Miwa (1992) 
who utilized data from the Food and Agriculture Organization (FAO) on food pro-
duction and trade in the period 1979–1981, calculating nutrient flows using average 
nutrient contents of the commodities. They also used the IFPRI IMPACT 
(International Model for Policy Analysis of Agricultural Commodities and Trade) 
study “Global Food Projections to 2020” by Rosegrant et al. (2001) to estimate 
future nutrient flows in traded agricultural commodities, using FAO data from 1997 
as a baseline. The data included neither nonfood commodities such as wool and 
cotton, nor industrial commodities such as rubber. The IFPRI data present average 
values, taken from a variety of sources, and the nitrogen, phosphorus, and potas-
sium contents of the commodities can be seen in the annex of Grote et al. (2005). 
Fertilizer data used for comparisons with nutrient flows in net trade were converted 
from oxide to elemental contents. Note that in trade data, an export is normally 
expressed as a positive value and imports as negative. In the case of nutrient bal-
ances, however, the export becomes a negative and any import is a gain to the 
country. The signs on the IFPRI data converted to nutrient flows therefore had to 
be changed to reflect the ecological implications.

7.2.1.2 Results on Nutrient Flows in Agricultural Trade

The net global flows of N, P, and K estimated by Grote et al. (2005) total 4.8 Tg in 
1997 and 8.8 Tg in 2020. Aggregated data on net flows of nitrogen, phosphorus, and 
potassium (NPK) in trade vary widely across regions and countries (Fig. 7.1). The 
countries and regions showing major gains of NPK through imports of traded com-
modities are WANA and China. Both show major increases between 1997 and 2020, 
and this is especially true in China, which, according to the IFPRI projections, will 
increase NPK imported in agricultural commodities from 0.6 Tg to 2.2 Tg. Following 
the growing urbanization and income-growth trend in China, these imports will 
probably go to the cities and surrounding intensive livestock production areas, where 
major nutrient excesses are already causing serious pollution of groundwater and 
surface waters (Howarth, 2004). Other countries and regions with moderate levels of 
NPK in imports are EC15, Japan, Southeast Asia, and sub-Saharan Africa. Miwa 
(1992) has already commented on the environmental problems created by feed grain 
imports in Japan. From a neutral balance in 1997, South Asia is predicted to become 
a net importer of NPK in food (0.6 Tg), whereas the NPK imported in food into sub-
Saharan Africa is predicted to increase significantly between 1997 and 2020, as is 
the case with other developing regions such as Southeast Asia. In the latter region, 
urban income growth and the concomitant growth in demand for animal protein will 
drive the imports of NPK in meat and feed grains.
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Figure 7.1 shows that the major food exporting countries, the USA, Australia, 
Latin America, and “other developed regions” (including Canada), show the largest 
net losses of NPK in agricultural commodity trade. In the case of the USA, the 
exports of NPK are projected to increase from 3.1 Tg in 1997 to 4.8 Tg in 2020. 
This represents a major flow of nutrients which has the potential to significantly 
perturb nutrient cycles in natural ecosystems. The largest relative increase in NPK 
outflows relate to Latin America which lost 0.65 Tg in 1997 increasing to 1.95 Tg 
in 2020. Eastern Europe is predicted to increase exports of nutrients to 0.2 Tg, from 
a low level of import (0.15 Tg) in 1997. The net trade in NPK in the former Soviet 
Union is generally close to zero in both years.

To assess the relative significance of the NPK flows, Grote et al. (2005) com-
pared the data on nutrient flows in trade (Fig. 7.1) with fertilizer use data in 1997 
(for which FAO data were available). The largest exporter of nutrients in trade, 
the USA, exported only the equivalent of 18% of its fertilizer consumption in 
1997. Nevertheless, as discussed in more detail later, the large amounts of nutri-
ents involved do present challenges to US policymakers in the areas of subsidies, 
trade, and environmental protection. The largest importer of nutrients in absolute 
terms is China, but because of the large domestic agricultural food production, 
the amounts of NPK represent only 2% of fertilizer consumption in 1997. Clearly 
domestic NPK consumption in China dwarfs the NPK imports in food. On the 
other hand, the trend towards concentration of imported nutrients in the cities 
may still be a cause of concern since environmental problems are already serious, 
as noted in the discussion earlier. Japanese imports of the equivalent of 88 to 
101% of fertilizer consumption is once again the familiar problem of nutrient 
overload, as discussed earlier. Although the aggregated data presented for the 
EC15 do not reveal it, the Netherlands, Belgium, and other small countries that 
import large amounts of animal feeds have the same environmental problems 
(Bouwman & Booij, 1998).

In 1997, sub-Saharan Africa imported the equivalent of 26% of fertilizer 
 consumption. At first sight this result may appear to be a positive trend, given that 
the major problem in sub-Saharan Africa is nutrient depletion in rural areas due to 
low rates of fertilizer use. However, the data presented are averages across and 
within countries. If, as discussed above, the nutrients imported in food end up as 
wastes in the major cities, distant rural lands will not benefit.

Another key issue in sub-Saharan Africa is that while the fertilizer data used by 
Grote et al. (2005) include nutrients applied to plantation crops, the NPK trade data 
exclude plantation and industrial crops. Vlek (1993) estimated that in 1987 the 
export of N, P

2
O

5
, and K

2
O in agricultural commodities, mainly cotton, tobacco, 

sugar, coffee, cocoa, and tea, was 296 t. In WANA, the import of NPK in food is 
equivalent to 26% of fertilizer consumption. On the debit side, exports of nutrients 
from Latin America were 7% of fertilizer use in 1997. While the NPK exports 
expressed as a proportion of fertilizer use provide a useful estimate of their relative 
importance, it should be noted that these estimates do not account for the significant 
biological nitrogen fixation by soybean in the case of Latin America, and by pasture 
legumes in Australian cropping systems.
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When separating the nutrients N, P, and K in the net trade data (Fig. 7.2), it can be 
seen that nitrogen is the most dynamic nutrient and after being transformed can move 
in the atmosphere as well as in aquatic systems. The amounts of N involved in transfers 
through trade are ecologically significant, especially when the 2020 projections are 
considered. Potassium transfers are also significant and may contribute opportunities 
for eventual recycling of this important nutrient, given its high cost of mining and trans-
portation. For phosphorus, the environmental implications for surface water pollution 
are significant, since it promotes blooms of deleterious blue-green algae that are toxic, 
and are increasingly afflicting inland water bodies and coastal zones (Wang, 2005).

7.2.2 Virtual Water Flows

7.2.2.1 Methods

Hoekstra and Hung (2005) quantified the volumes of virtual water flows between 
countries for the period 1995–1999. They multiplied international crop trade flows 
(ton year−1) by their associated virtual water content (m3 ton−1). On the one hand, they 
come to a very conservative estimate of the virtual water trade flows, since they only 
included the most important crops and did not take crop products like cotton fibers into 
account. On the other hand, their results are an overestimation as well because they are 
based on the assumption of optimal growth conditions which hardly exist in reality.

Fig. 7.2 Relative flows of N, P, and K in net agricultural trade in1997 and 2020 (IMPACT 
model). (Adapted from Grote et al., 2005)
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The data used by them were based on the following sources: crop water require-
ments were taken from FAO’s CROPWAT2 model, the climatic data and crop 
parameters from FAO’s CLIMWAT3 as well as from Allen et al. (1998), crop yield 
data from the FAO Statistical Database (FAOSTAT) database, and trade data from 
the Commodity Trade Statistics Database (COMTRADE) of the United Nations 
Statistics Division (UNSD).

Oki et al. (2003) and Oki and Kanae (2004) estimated global virtual water trade 
for the year 2000. They assumed a constant global average crop water requirement 
throughout the world amounting to 15 mm/day for rice and 4 mm/day for maize, 
wheat, and barley. The climatic factor, which plays a major role in the water 
requirement of a crop, was not taken into account as well as the role of the crop 
coefficient, which is the major limiting factor which determines the evaporation 
from a crop at different stages of crop growth. The global virtual water flows and 
the resulting water savings as calculated in these studies are limited to the interna-
tional trade of only four major crops, namely maize, wheat, rice, and barley.

7.2.2.2 Results on Virtual Water Flows in Agricultural Trade

Oki et al. (2003) and Oki and Kanae (2004) estimated the global sum of virtual 
water exports on the basis of the virtual water content of the products in the 
 exporting countries (683 Gm3/year) and the global sum of virtual water imports on 
the basis of the virtual water content of the products in the importing countries 
(1,138 Gm3/year). This saves 455 Gm3/year as a result of food trade.

The volume of global water savings from the international trade of agricultural 
products is 352 Gm3/year (average over the period 1997–2001). The largest savings 
are from international trade of crop products, mainly cereals (222 Gm3/year) and oil 
crops (68 Gm3/year), owing to the large regional differences in virtual water content 
of these products and the fact that these products are generally traded from water-
efficient to less-water-efficient regions. Since there is smaller variation in the virtual 
water content of livestock products, the savings by trade of livestock products are less. 
The export of a product from a water-efficient region (relatively low virtual water 
content of the product) to a water-inefficient region (relatively high virtual water con-
tent of the product) saves water globally. This is the physical point of view. Whether 
trade of products from water-efficient to water-inefficient countries is beneficial from 
an economic point of view, depends on a few additional factors, such as the character 

2 CROPWAT is a decision support sy stem developed by the Land and Water Development 
Division of FAO. Calculations of crop water requirements and irrigation requirements are carried 
out with inputs of climatic and crop data (see http://www.fao.org/AG/agl/aglw/cropwat.stm).
3 CLIMWAT is a climatic database to be used in combination with the computer program 
CROPWAT and allows the ready calculation of crop water requirements, irrigation supply, and 
irrigation scheduling for various crops for a range of climatological stations worldwide (see http://
www.fao.org/AG/agl/aglw/climwat.stm).
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of the water saving (blue or green water saving4), and the differences in productivity 
with respect to other relevant input factors such as land and labor.

Hoekstra and Hung (2005) find that the global volume of crop-related interna-
tional virtual water flows between nations was 695 Gm3/year on average over the 
period 1995–1999. The total water (including irrigation and rainwater) use by crops 
in the world has been estimated at 5,400 Gm3/year (Rockström & Gordon, 2001), 
meaning that 13% of the water used for crop production worldwide is not used for 
domestic consumption but rather “virtually” for export. According to Hoekstra and 
Hung (2005), for the period 1995–1999, the regions with substantial net virtual water 
exports were North America, South America, Oceania, and Southeast Asia (Table 7.1). 
Other net exporting virtual water exporting regions, though less substantial, were the 
Former Soviet Union, Central America, and Eastern Europe. Regions with significant 
virtual water import included Central and South Asia, Western Europe, North Africa, 
and the Middle East. Southern and Central Africa were two additional regions with 
net virtual water imports, however, to a less  significant extent.

Accordingly, the countries with the largest net virtual water export were the 
USA, Canada, Thailand, Argentina, and India. The largest net import, however, 
appears to be in Japan, the Netherlands, the Republic of Korea, China, and 
Indonesia (Table 7.2).

Hoekstra and Hung (2005) find that developed countries generally have a more 
stable virtual water balance than developing countries. For example in Thailand, 
India, Vietnam, Guatemala, and Syria, higher fluctuations with peak years in virtual 

Table 7.1 Gross and net virtual water exporting and importing regions (1995–1999). (Adapted 
from Hoekstra and Hung, 2005)

Gross virtual water exporter Gross virtual water importer Net exporter (−)/importer (+)

Region Gm3 year−1 Region Gm3 year−1 Region Gm3 year−1

North America 224 Central and South  196 North America −206
    Asia  

South America 69 Western Europe 105 South America −48
Southeast Asia 68 North Africa 51 Oceania −28
Central America 38 Middle East 41 Southeast Asia −27
Central and South  30 Southeast Asia 41 Former Soviet  −9

Asia      Union
Oceania 30 Central America 33 Central America −5
Western Europe 29 South America 21 Eastern Europe −1
Former Soviet  18 North America 18 Central and South +166

Union    Asia
Eastern Europe 13 Eastern Europe 12 Western Europe +76
Middle East 11 Former Soviet  9 North Africa +45

  Union 
North Africa 6 Southern Africa 8 Middle East +30
Southern Africa 4 Central Africa 3 Southern Africa +4
Central Africa 1 Oceania 2 Central Africa +2

4 While green water refers to the productive use of rainfall in crop production with a relatively low 
opportunity cost, blue water refers to irrigation.
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water exports were found. As a result it is more difficult to find aggregate figures 
for developing regions than for developed regions. This fact needs to be factored in 
when comparing data spaciously and over time.

In addition, Hoekstra and Hung (2005) calculated indicators of national water 
scarcity, water self-sufficiency, and water dependency. They hypothesized that there 
is a positive relationship between water scarcity and water dependency because high 
water scarcity will make it attractive to import virtual water and thus become water 
dependent. Their hypothesis however was not supported by the data. They explain 
this by the fact that water scarcity is a driver of international food trade to a limited 
extent only. Other factors like availability of land, labor, and technology; national 
food policies; and international trade rules are often more important.

Yang et al. (2003) similarly reviewed whether international virtual water trade 
is driven by water scarcity. They analyzed the relation between per capita water 
 availability in a country and the net cereal import into the country and found that 
only below a certain threshold (water availability of about 1,500 m3/year and per 
capita), the demand for cereal import and thus the virtual water import increases 
exponentially with decreasing water resources. Above the threshold, there does not 
seem to be a relationship.

National virtual water balances in 2000 are shown in Fig. 7.3. Countries with net 
virtual water export are highlighted in blue color while countries with net virtual 
water imports are highlighted in red.

7.2.3 Comparing Nutrient and Virtual Water Flows

As can be seen from Table 7.3, there are differences with respect to the estimated 
results on net exports and imports of virtual water between the two studies from 
Hoekstra and Hung (2005) and Oki et al. (2003). The deviations mainly derive from 
the high aggregation level, since there is diversity between the countries of one 
region. In addition, Hoekstra and Hung (2005) use data over a period of 5 years 

Table 7.2 Top-ten countries exporting and importing virtual water (1995–99). (Adapted from 
Hoekstra and Hung, 2005)

 Net export Volume   Net import volume
Country (109 m3/year) Country (109 m3/year)

United States 152 Japan 59
Canada  55 Netherlands 30
Thailand  47 Korea Rep. 23
Argentina  45 China 20
India  32 Indonesia 20
Australia  29 Spain 17
Vietnam  18 Egypt 16
France  18 Germany 14
Guatemala  14 Italy 13
Brazil  9 Belgium 12
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while Oki et al. (2003) base their calculations on only 1 year’s data so that certain 
extreme values in the trade data during that year may weaken the representativeness 
of the results to some degree.

Comparing the results on virtual water trade with nutrient trade, it can be found that 
the major regions exporting virtual water are also the major nutrient-exporting countries. 
The same applies to the imports of virtual water or nutrients, respectively.

Table 7.3 Comparing major estimated results on virtual water and nutrient flows. (Own 
 compilation based on indicated sources)

 Virtual water Nutrients

 Hoekstra and Hung, 2005 Oki et al., 2003 Grote et al., 2005

Region Baseline 1995–1999 Baseline 2000 Baseline 1997

North America −−− −−− −−−
Central America +/− ++ –
South America +/− ++/−− −−
Western Europe +++/− ++/−− ++
Eastern Europe +/− +/− +/−
Former Soviet Union + ++ +/−
North Africa ++ +++ ++
Central Africa + ++ +
Southern Africa + ++ ++
Middle East ++ +++ +++
Central and South Asia +++/− ++/−− ++
Southeast Asia ++/− ++/−− +++
Oceania − −−− −−−

Note: a minus equals a net exporter and a plus a net importer; the strength varies between 
 substantial (+++/−−−) and less substantial (+/−).

Fig. 7.3 Virtual water balances in 2000. (Adapted from Oki et al., 2003)

Virtual Water Balance in Countries (m3 / c/y) in 2000

Blue: Exporting 

Exporting Importing

Red: Importing

−2000 −1000 −500 −50 −1 0 1 50 500 1000 2000
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7.3 Causal Factors of Nutrient and Water Imbalances

7.3.1 Local-Level Constraints

At the local level, institutional constraints often prevent the adoption of fertilizers in 
developing countries, resulting in a lack of access to markets, high transaction costs, 
or often the existence of black markets (Tiessen, 1995). Efficient distribution mecha-
nisms should be created to ensure that fertilizer reaches the farm on time, in adequate 
amounts, and at minimal cost. An improvement in the marketing of fertilizer is 
expected to increase its use in developing countries, thus avoiding further soil  mining. 
One strategy to promote fertilizer use is to apply the “mini-pack” method in which 
small packets of 100 g and 200 g of fertilizers are sold  outside shops, in market places, 
or outside churches (FAO & IFA, 1999). In general, the private sector should be pri-
marily responsible for marketing and distribution of fertilizer, while the government 
should be responsible for developing and implementing appropriate regulatory and 
quality control measures to promote more efficient functioning of fertilizer markets. 
In those areas where markets are underdeveloped, the government may take the lead 
in developing markets and  supporting infrastructure. Furthermore, poor land tenure 
security, especially in the rainfed mixed farming systems of  developing countries, as 
well as poor access to credit, provide a disincentive for investment in long-term soil 
fertility improvements (Bumb & Baanante, 1996).

Also with respect to water, institutional failures can have an impact on the water-
use efficiency. For example, institutional failures can arise from conflicts within 
water-user associations or local governments, and from the pricing of water. In 
addition, poor technology in irrigation can lead to major waste of water.

Finally, in many countries, there is little awareness of efficiency in water and 
nutrient use because environmental costs are not considered in production deci-
sions, thereby leading to negative externalities.

7.3.2 National Agricultural and Trade Policies

Trends towards nutrient and water imbalances have been triggered by national agri-
cultural policies, promoting a high level of protection in the agricultural sector. In 
developed countries, like in Western Europe and the USA, agricultural policies 
have led to a massive use of subsidies resulting in surplus production, export pres-
sures, and financial burdens on the governments. Due to subsidies, the intensity of 
production has been very high in these countries. The USA, Europe, and Japan 
spend a total of US$350 billion each year in agricultural subsidies. It is estimated 
that these subsidies cost poor countries about US$50 billion a year in lost agricul-
tural exports. This is equal to the total aid provided by developed to developing 
countries (Kristof, 2002). In the USA, for example, subsidies were still expected to 
increase with the introduction of the US$180 billion farm bill launched in 2002.
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Heavily subsidized agricultural sectors tend to distort world agricultural prices 
and trade patterns thereby limiting developing countries’ access to Organization for 
Economic Development and Cooperation (OECD) markets. As a result, many 
developing countries have been unable to increase their investments in agriculture, 
including nutrient inputs leading to soil fertility mining. Due to their limited access 
to developed countries’ markets, their returns have decreased and because of cheap 
imports from developed countries, their internal markets have also been distorted. 
Improving developing countries’ opportunities to export to developed countries 
may increase their returns from agriculture, thus allowing them to invest more in 
their land by increasing their fertilizer input.

In contrast, landlocked and food-deficit countries in Africa are often characterized 
by low fertilizer use and high fertilizer prices. For these countries, introducing a 
 subsidy may actually help create positive environmental externalities by giving incen-
tives to the farmers to increase their fertilizer use to avoid soil fertility mining.

In contrast, in Australia and New Zealand, the agricultural sector was liberalized 
and all forms of subsidies were cut in the 1980s. Thus, the market encouraged the 
farmers to diversify according to their comparative advantage, and not to produce 
according to the receipt of financial support from the government. In New Zealand, 
for example, nearly 40% of the average sheep and beef farmer’s gross income came 
from government subsidies in 1984. In 1985, almost all subsidies were removed. 
About 15 years later, the agricultural sector in New Zealand has grown and is more 
dynamic than ever. The removal of farm subsidies has proven to be a catalyst for 
productivity gains. The diversification of land use has been beneficial for the farm-
ers, and the farming of marginal land has declined. Overall, it has been found that 
the subsidies restricted innovation, diversification, and productivity by corrupting 
market signals and new ideas. They led to the wasteful use of resources like nutri-
ents and water, negatively impacting on the environment (Frontier Centre for Public 
Policy, 2002).

In developing countries, input subsidies are commonly used to support farmers. 
In a survey, FAO found that 68% of developing countries used fertilizer subsidies 
(FAO & IFA, 1999). In India, for example, the government introduced subsidies for 
inputs like fertilizer, power, irrigation, and credit to farmers in the late 1960s to 
foster and encourage agricultural growth. While these subsidies have been critical 
in getting the “Green Revolution” started, the subsidies are now imposing high 
costs not only on the environment, but on the fiscal budget. Studies show that ferti-
lizer subsidies, which kept the price of nitrogen low, are now leading to nutrient 
imbalances lowering crop yield, declining quality of ground water, and the ineffi-
cient use and waste of fiscal resources (World Bank, 2001).

National agricultural policies aiming at food self-sufficiency and import substi-
tution policies may also contribute to the inefficient use of nutrients and water at 
the national level. Instead of importing food products and thus, saving domestic 
nutrients and/or water, countries often prefer to produce food to feed their own 
population. This allows them to keep political independence from other exporting 
countries and insulate them from world market price fluctuations.
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Developing countries’ past trade policies have often limited the synergistic 
effect of crops and livestock in nutrient-deficient situations. Imposing high import 
duties to protect domestic cereal production has pushed cropping into marginal 
areas and upset the equilibrium between crops and livestock. Also in the former 
centrally planned economies, industrial systems have greatly benefited from policy 
distortions and subsidies to feed grain, fuel, and transport which, in many cases, 
have given these systems a competitive edge over land-based systems.

7.3.3 Global Trends

Despite the slight liberalization success in the agricultural sector in the recent past, 
international trade volumes in the agricultural sector have increased significantly 
over time. This growth in trade is partly triggered by the worldwide globalization 
process. International trade of commodities and products brings along international 
flows of nutrients and virtual water. The 2020 study by Rosegrant et al. (2001) pro-
vides a wealth of insights into major changes between 1997 and 2020 in the supply 
and demand for major food commodities in developed countries from developing 
regions. Under their baseline scenario, economic growth, rising incomes, and rapid 
urbanization in developing countries are driving fundamental changes in the global 
structure of food demand. As incomes rise, direct consumption of maize and coarse 
grain will shift to wheat and rice, while the higher demand for meat will increase the 
demand for feed grain. Agricultural trade will further increase, with wheat leading 
the cereals and poultry the livestock commodities. WANA, China, and sub-Saharan 
Africa will increase imports, whereas the USA, Latin America, and Southeast Asia 
will increase the value of their net exports (Rosegrant et al., 2001).

Urbanization and changing consumption patterns have also been accompanied 
by a concentration and specialization in livestock production. In areas of high 
livestock concentrations, excess nitrogen and phosphorus are being produced 
causing runoffs into groundwater, thereby negatively affecting not only the land 
but also the water ecosystem around. While in developed countries, stricter envi-
ronmental regulations push the livestock production increasingly to remote rural 
areas, in many developing countries, the concentration of animal production takes 
place in peri-urban areas which benefit from low transportation costs to the city 
markets and ports, thereby creating major health and pollution hazards to the 
urban population.

In Europe, about 60% of the total cereals available are used as animal feed, 
whereas worldwide, it is only 30%. The production of livestock has been very inef-
ficient since it not only requires a lot of water and nutrients, but also results in high 
greenhouse gas emission rates to air and groundwater. In input-intensive urban farm-
ing, the high load of nutrients can be washed into rivers or groundwater, thus con-
tributing to water eutrophication (Kyei-Baffour & Mensah, 1993). The return of 
nutrients to land-based systems via manure frequently causes problems due to the 
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high water content and high transportation costs. Manure transportation beyond 
15 km is often uneconomical, and mineral fertilizers, which are frequently a cheaper 
and more readily available source of nutrients, reduce demand for nutrients from 
manure even further, turning the latter into “waste”. In Brittany, for example, farmers 
bought an additional 80–100 kg of N ha−1 year −1 of inorganic fertilizer, despite the 
fact that the manure nitrogen would have been sufficient in terms of nutrient intake 
(Steinfeld et al., 1996). However, it has been also realized that some of these 
 nutrients might reenter the system by contributing to the nutrient requirements of 
irrigated crops (Cornish et al., 1999). Thus to some extent the off-site costs of water 
eutrophication might be balanced by the fertilizer value of the water.

7.4 Policy Implications

There are different options as to how nutrient and water imbalances and ineffi-
ciencies can be addressed locally, nationally, and globally (Hoekstra & Hung, 
2002, 2005).

7.4.1 Local-Level Policies

At the local level, a more efficient natural resource use can be often achieved by creat-
ing more awareness among the producers. This can lead to the adoption of diverse 
voluntary measures and practices which have the ability of minimizing adverse 
 environmental effects. Codes of best practice, voluntary measures like eco-labeling, 
or the promotion of the “polluter pays principle” (PPP) aim at internalizing 
 environmental costs resulting from nutrient overflow or waste of water at the farm 
level. For example, a case study in Pennsylvania has showed that the net farm 
income without natural resource accounting equalled US$80 compared to US$27 
when the environmental costs were factored in. Clearly, there is a large gap between 
private and social costs in the presence of environmental externalities (Faeth et al., 
1991; Runge, 1996).

In addition, prices and technologies have been found to play a key role in the 
efficient use of water and nutrients. Certain price incentives are conveyed by charg-
ing prices which take environmental externalities into account, while the use of 
water- and nutrient-saving technologies can be promoted in the production and 
processing process. The latter can for example refer to erosion-control measures or 
minimum-tillage technologies. In addition, it should be mentioned that the estab-
lishment of nutrient accounting systems combined with financial accounting sys-
tems has been suggested as an important management instrument at the farm level 
(Breembroek et al., 1996).

Furthermore, there are possibilities to optimize nitrogen and water efficiency by 
integrating livestock and crop production at the local level. To varying extents, 
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mixed farming systems allow the use of waste products of one activity (crop 
by-products, manure) as inputs to another activity (as feed or fertilizer). Thus, they 
are, in principle, beneficial for land quality in terms of maintaining soil fertility, and 
improving the soil-structure stability, increasing the nutrient-retention capacity as 
well as the water-holding capacity. This contribution is substantial in economic 
terms. Approximately 20 Tg or 22% of the total nitrogen fertilization of 94 Tg, and 
11 Tg or 38% of phosphate is of animal origin, representing about US$ 1.5 billion 
worth of commercial fertilizer (FAO, 1997).

7.4.2 Policy Changes at the National Level

At the national level, there are a number of control measures available to regulate 
the use of nutrients and to reduce their negative effects on soil and water resources. 
In the European Union for example, the Nitrate Directive suggests a prescribed 
period for fertilizer application, restrictions of applications on sloping land and near 
water courses. In addition, there are similar regulations with respect to the use of 
water (Monteny, 2002).

Improvements towards a more efficient use and allocation of nutrients and water 
resources can also be made at the national level where governments have to decide 
on the allocation of water and nutrient resources. They can decide, for example, on 
how much water should be allocated to which sector (industry, agriculture, etc.), or 
whether to promote the production of certain basic food products to reach food 
self-sufficiency, or whether to import commodities to save nutrients and/or water. 
Accordingly, water-use efficiency can be improved by reallocating water to those 
purposes with the highest marginal benefits.

As Miwa (1992) points out, each country must consider the consequences of 
nutrient and virtual water flows in food trade to its own ecosystems. For exam-
ple, since livestock industries based on imported feeds create massive nutrient-
disposal problems, the possibility of importing livestock products directly 
presents a solution at the national level, though shifting the problems to other 
countries.

Reductions in fertilizer use may also be achieved by shifting to a human diet 
with less animal protein. However, human diets are generally not the subject of 
policy formulation but can be influenced through strategies such as marketing and 
raising public awareness (van Egmond et al., 2002).

7.4.3 Global-Level Policies

Whereas much research has been done on water-use efficiency at the local and 
river-basin levels, only little efforts have been made to analyze water-use efficiency 
at the global level.
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7.4.3.1 Trade Liberalization

It is increasingly suggested that international food trade can be used as an 
active policy instrument to mitigate water scarcity and reduce environmental 
degradation due to high nutrient concentrations in the soil. A water-scarce 
country can import products that require a lot of water in their production and 
export products or services that require less water. Instead of aiming at food 
self-sufficiency, water-short countries may want to import food from water-rich 
countries. This is, for example, already happening in Egypt, a highly water-
stressed country. In 2000, Egypt imported 8 Tg of grains from the USA, thus 
saving some 8.5 billion m3 of irrigation water—one-sixth of the annual releases 
from the Aswan High Dam. Also Japan, the world’s biggest grain importer, 
would require an additional 30 billion m3 of irrigation and rainwater to grow the 
amount of food it imports.

However, saving domestic water resources in countries that have relative water 
scarcity by the mechanism of virtual water import (import of water-intensive 
 products) also has a number of drawbacks. First, importing food products requires 
sufficient foreign exchange; second, the importing countries move away from food 
self-sufficiency which increases their political dependence; third, importing instead 
of producing domestically results in increased urbanization in importing countries 
as import reduces employment in the agricultural sector; fourth, there is a reduced 
access of the poor to food due to decreased agricultural production; and fifth, there 
is an increased risk of a negative environmental impact in exporting countries, 
which is generally not accounted for in the price of the imported products. Thus, 
while enhanced virtual water trade to optimize the use of global water resources can 
relieve the pressure on water-scarce countries, it may create additional pressure on 
the countries that produce the water-intensive commodities for export. The poten-
tial water saving from global trade is only sustainable if the prices of the export 
commodities truly reflect the opportunity costs and negative environmental exter-
nalities in the exporting countries.

A major improvement in the management of nutrients and water is also 
expected to result from liberalizing agricultural trade by cutting subsidies and 
reducing other kinds of policy distortions. In addition, as pointed out by Wonder 
(1995), input subsidies often mostly benefit those least in need, including large-
scale farms and those with higher incomes. They also tend to distort the input mix 
used for farming through their encouragement of decisions based on support rather 
than commercial or production criteria. Runge (1996) concludes in his paper on 
subsidies in the agricultural sector that the elimination of most forms of subsidies 
in agriculture would produce a double benefit. This double benefit arises from an 
increasing economic efficiency and also from the reduced indirect negative 
 environmental impacts of artificially expanded production. In Bangladesh, for 
example, fertilizer subsidies were phased out as part of the overall market liberali-
zation. In China, subsidies were removed by simultaneously increasing producer 
prices in compensation (FAO & IFA, 1999).



7 Nutrient and Virtual Water Flows in Traded Agricultural Commodities 139

7.4.3.2 Nutrient and Virtual Water Trading Systems

Nutrient and virtual water trading systems have been developed in the recent past 
to effectively reduce pollution from nonpoint sources like agriculture and urban 
runoff. Emission trading is being proposed as a new instrument in environmental 
policy to potentially solve nutrient discharge or water-quality problems. It has been 
used to create markets in air or water pollution. An overall level of permissible pol-
lution is being set so that the permissible aggregate level of pollution is lower than 
the current level; thus, an artificial scarcity is created and the permits acquire mar-
ket value. Producers who wish to expand their production, for example, have the 
choice to either reduce the pollution from their own production sites or buy permits 
from others. This way, trading increases flexibility and reduces costs by allowing 
producers to adapt their own facilities or to compensate others for comparable 
reductions. Sources with low treatment costs on the other hand may reduce their 
own effluents beyond legal requirements, generate a credit, and sell these credits to 
dischargers with higher treatment costs. This flexibility produces a less expensive 
global outcome while achieving—and even going beyond—the mandated environ-
mental target. The desired reduction in pollution occurs at least cost. Faeth (2000) 
compared different policy approaches to reduce phosphorus loads in specific water-
sheds in the USA. He estimates that, based on trading, costs of about US$2.90 per 
pound of phosphorus removed arise, compared to almost US$24 per pound for 
conventional point-source requirements. However, there have been also cases 
where administrative and transaction costs have been high, making trading difficult. 
King and Kuch (2003) note for example that there are about 37 trading programs 
in the USA but only a few actually traded nutrient credits. They find that institu-
tional obstacles are significant but can be overcome.

7.5 Summary and Conclusion

The expansion of agricultural production and growing trade in agricultural com-
modities to meet the needs of an increasing population has transformed vast areas 
of the land surface and also affected the global water system. As a result, nutrient 
and water cycles have been perturbed in the soil–water–plant–atmosphere contin-
uum at a range of scales, from local to global levels. The contrasts between the 
nutrient and water balance in nutrient- and water-deficit and water-surplus coun-
tries reflect the large disparities in wealth and agricultural policies between less 
developed and industrialized countries, respectively. The impact of the international 
movement of nutrients and virtual water in traded agricultural commodities has 
been particularly neglected as an area of study. This chapter addresses these 
research gaps by reviewing and presenting data on global nutrient and virtual water 
movements and their causes, and by considering government policies that impinge 
on nutrient and virtual water availability and flows.
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Nutrient and virtual water movements in traded agricultural commodities pro-
vide a unique international dimension to nutrient and virtual water flows. With 
respect to nutrients, we obtained net trade data for major food commodities for 
1997 from FAO and for 2020 used projections from the IFPRI IMPACT model. 
Commodity trade data for different regions and countries were converted to weights 
of N, P, and K using average nutrient contents from the literature. The results show 
that international net flows of NPK vary widely across regions, but amount to 
4.8 Tg in 1997 and are projected to increase to 8.8 Tg in 2020, representing a major 
human-induced perturbation of global nutrient cycles. Major net importers of NPK 
and virtual water in traded agricultural commodities are WANA and sub-Saharan 
Africa. Nevertheless, in sub-Saharan Africa, there is a widely recognized problem 
of soil nutrient depletion, as nutrients imported in food and feed commodities are 
commonly concentrated in the cities creating waste disposal problems rather than 
alleviating deficiencies in rural soils. Also the water shortage problems continue to 
contribute to intensified desertification processes which are linked to increased 
urbanization and thus water shortage problems in cities. Countries with a net loss 
of NPK and virtual water in agricultural commodities are the major food exporting 
countries—the USA, Australia, Canada, and some countries of Latin America. In 
Southeast Asia, the picture is more heterogeneous. While some countries within the 
region are major net importers China, Korea (Rep. of), Indonesia others are major 
net exporters (Thailand, Vietnam). It is thus difficult to make a general statement 
for the whole region.

A wide range of policy measures influence agricultural trade, nutrient and vir-
tual water flows, and balances. Agricultural trade liberalization and the reduction 
of production subsidies are expected to reduce excessive nutrient and water use 
in nutrient- and water-surplus countries and make inputs more affordable to farm-
ers in nutrient- and water-deficient countries. In an ideal world, this should result 
in a more efficient global allocation of natural resources, including water and 
nutrients, and reduced environmental costs, although some level of subsidy to 
developing country farmers may be justified to introduce them to fertilizer tech-
nologies. Policies that encourage diversified production systems should have 
similar effects by ensuring that animal wastes are not concentrated in areas with 
no opportunities to recycle nutrients on arable crops. For environmental problems 
related to poor soil or water quality, innovative policy options such as nutrient 
and virtual water trading are being examined. For nutrient- and water-deficient 
countries, institutional strengthening and infrastructure development are valid 
approaches.

The need for environmental costs to be factored into the debate on nutrient and 
water management is highlighted in the chapter. Such costs include moving and 
disposing of waste from millions of tons of nutrients in feed grains used for inten-
sive livestock production. It costs governments billions of dollars to establish and 
control elaborate environmental regulations to avert water and atmospheric pollu-
tion, and it costs society even more when these regulations fail. Because of the 
increased demand for meat as incomes rise in developing countries, meat-exporting 
industrialized countries will increase production to meet the demand, increasing the 
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hot spots of nutrient and water pollution in those countries, and the costs will be 
passed on to their taxpayers. Knowledge of the scope and the long-term costs of 
these problems should prompt societies and politicians in these countries to support 
reductions in agricultural subsidies and opening up their markets. The resulting 
economic development would reduce the need for handouts and probably help stem 
the out-migration from developing countries. We advocate more transdisciplinary 
research on these important problems, and solutions such as that proposed above. 
While hydrologists, soil scientists, or engineers determine what is technologically 
feasible and set maximum allowances, economists identify the relatively cost-
 effective options and their distributive effects. The results of the research should 
better inform the society whose perceptions and values play a major role in the final 
choice of the products they purchase.
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Chapter 8
The Lesson of Drente’s ‘Essen’1: Soil Nutrient 
Depletion in sub-Saharan Africa and 
Management Strategies for Soil Replenishment

Henk Breman, Bidjokazo Fofana, and Abdoulaye Mando

Abstract The term “replenishment” is often misleading, as it suggests that soils 
are poor through depletion by farmers and that soils should be restored to their 
original state for agricultural production. This philosophy created awareness of the 
problems confronted by African farmers. It neglects, however, the heterogeneous 
redistribution of nutrients that is inherent to agricultural land use. Active and pas-
sive transport of organic matter causes centripetal concentration of nutrients around 
farms and villages and maintains or even improves the soil fertility of crucial fields 
at the cost of surrounding land. The advice to use fertilizers on bush fields in view 
of the use of compost and manure on compound fields is like “putting the cart 
before the horse”; the value–cost ratio of using inorganic fertilizer on compound 
fields is higher than that on bush fields because of the negative organic matter 
and nutrient balances in bush fields. The integrated use of inorganic fertilizers 
and organic forms of manure triggers a positive spiral of improved nutrient-use 
 efficiency and improved soil organic matter status. The increase in value–cost ratio 
of fertilizer use improves access to fertilizer and other external inputs. Where crop–
livestock integration is an important component of agricultural intensification, the 
centripetal concentration can even turn into the opposite; a centrifugal transport 
that replenishes (planned or unplanned) the depleted surroundings of farms and 
villages. Active replenishment of depleted soils is no requirement for agricultural 
development; intensification can start on village fields where fertility is maintained 
or improved. However, public investment in soils, focusing on reinforcement of the 
positive effects of the centripetal concentration of organic matter and nutrients, is 
recommended; it enables farmers to start fertilizer use where even if the compound 
fields at present do not allow it.

1 Drente: Dutch province dominated by poor glacial sands. “Essen”: 1,000-year-old village fields, 
on which fertility was improved and maintained through active centripetal concentration of 
organic matter by man (ash, household wastes, mulch, sods, etc.) and his livestock (manure) at the 
cost of surrounding rangeland and forest. The process finally led to severe degradation of the latter 
and to moving dunes. The landscape regenerated and Drente regreened when fertilizer use became 
economically feasible, livestock numbers could be lowered, and milk and meat instead of manure 
again became the main product of animal husbandry. See also footnote 2.
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8.1 Introduction

Two widespread approaches regarding the presentation of agriculture in sub-
Saharan Africa (SSA) impede agricultural development policies. Both concern soil 
nutrient depletion. First, this depletion is expressed in monetary terms, for example, 
to show that exhaustion of soil resources is a crucial component of farmers’ income 
(Van der Pol, 1992) quantified as the investments required for change (Breman & 
Sissoko, 1998). Second, it is suggested that the depletion has to be rectified through 
public investments to enable agricultural intensification and development (Buresh 
et al., 1997; Breman & Sissoko, 1998; Henao & Baanante, 1999).

These popular descriptions made the world aware of problems faced by African 
farmers. However, they also hinder effective interventions; the required investments 
seem immense and discourage donors and national policymakers. Farmers are mistak-
enly indicated as the cause of their own misery, creating a wrong focus for development 
efforts. This chapter explains the inadequacy of both descriptions, in a way to refocus 
efforts for agricultural and rural development. The chapter concentrates on the active 
and passive redistribution of organic matter and the associated nutrients.2 Control of this 
process, limiting the passive component at the benefit of the active one, is of utmost 
importance for the transition from extensive to intensive agriculture. The chapter first 
explains briefly why agriculture in SSA is still predominantly in the extensive stage, and 
why even a very intensive and intelligent use of organic matter alone will not change 
this. Then, it shows how the redistribution of organic matter can be exploited to trigger 
intensification through the improved accessibility of inorganic fertilizer. Finally, the 
chapter describes the conditions that must be fulfilled for successful intensification.

8.2  Naturally Poor Soils Combined with Difficult Climates: 
A Major Constraint for Agriculture Development

8.2.1 The Case of Sub-Saharan Africa

Africa is the world’s most ancient land mass. About 90% of its soils lost most of 
their nutrients during several years of erosion and leaching; only 10% of the soils 
are relatively young and still have nutrient rich sediments. The nutrient- impoverished 

2 Active redistribution: collecting, transporting, and using materials such as manure, household 
wastes, straw, and sods to maintain or improve the fertility of certain fields. Passive redistribution: 
concentration of materials in the surroundings of farms and villages by transport mechanisms 
having different goals, such as livestock coming to pass the night in kraals, bringing wood and 
straw for construction, and collecting fruits in the forest for home consumption.
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soils produce limited plant biomass; consequently, the soil organic matter content 
is low. The major European agricultural soils, for example, contain at least twice as 
much soil organic matter as those in SSA.

“Soils in SSA are not in the first place poor through depletion by farmers, but 
farmers deplete soils because their soils are poor by nature.” This is the foundation 
of Breman and Debrah’s (2003) recommendations for reaching food security in 
this part of the world, justified by decades of research. They explain how poor 
resource base caused the “green revolution” to bypass SSA and that a very unfa-
vorable value–cost ratio (VCR) seriously hampers the use of inorganic fertilizer. 
These points are summarized as follows:

● Extremely poor natural resources cause overpopulation at low absolute popu-
lation density,3 leading to high prices for external inputs and low prices for 
agricultural products at the farm gate.

● The efficiency of inorganic fertilizers is low in the soils.

Inadequate socioeconomic and policy environments worsen the situation. Besides 
social and political instability, favoring consumers at the cost of producers is com-
mon, the development of competitive input and output markets is hindered by 
 corruption, lack of quality control, and other factors. The poor resource base of 
agriculture can be used only partially as an excuse.

“VCRs above two or even three to four are no guarantee that farmers will start 
applying fertilizers in their fields. Kelly et al. (2005) state correctly that reducing 
risk and uncertainty plays an important part in improving fertilizer incentives in 
SSA” (Meertens, 2005). The latter, presenting the evolution of VCRs in 15 
 countries of SSA, shows that values of 3 or just above 3 are already rare; 11 out of 
17 values (maize, cotton, and rice) from the early 2000s are lower. Only during the 
early 1980s, a period of heavy subsidies, were the VCR values considerably 
higher.

Binswanger and Pingali (1988), trying to explain the particularities of African 
agriculture, argue that land is still too abundant to attribute it a value and price high 
enough to trigger the required investments for change. Van Keulen and Breman 
(1992) reacted that in most of Africa, land is not abundant at all; poor soils require 
extended fallow in time and space. Therefore, “extreme land hunger” describes the 
situation better. What occurs if the natural resources degrade (quasi) irreversibly 
before the favorable density for attributing a value and price to land is reached? 
(Breman, 2000).

3  In the West African Sahel and Soudanian savanna, respectively, 6 and 33 persons per km−2 can 
live from the land in a sustainable way. Overpopulation occurs at population densities above this 
carrying capacity, and sustainability can only be guaranteed by using external inputs, such as 
inorganic fertilizers, to increase the carrying capacity of the land. The adoption of agricultural 
technologies based on external inputs has to occur at a low population density in comparison 
with such changes elsewhere. For example, in Southeast Africa, it occurred when population 
densities, the inherent road and market infrastructures and domestic market were 10 times 
higher.
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8.2.2 Sub-Saharan Africa is not an Isolated Case

SSA is not the only part of the world where the growth of a population undermines 
the future of that same population. Mazoyer and Roudart (1998) present a world-
wide overview of the history of agriculture. They focus attention on the variation, 
potentials, and limitations of natural resources, and the maximum population 
 density related to different exploitation systems. Slicher van Bath (1960), limiting 
himself to West Europe, compares the agricultural evolution on rich marine and 
fluvial clay soils with that on poor glacial sands in the Netherlands. Long before 
the existence of inorganic fertilizers, farmers on clay could produce more than that 
required to feed their families. This enabled them to develop market-oriented 
 production systems early, to encourage (most of their) children to look for labor 
opportunities outside agriculture, to invest in their land, and to develop inheritance 
systems that maintained their properties. The situation was opposite on poor 
sands—a farmer could barely produce enough to feed his family, and every family 
member was obliged to help make that happen. Production systems focused on self-
sufficiency; upon the death of the farmer, his property was divided among the 
 surviving children. After the fallow system became inadequate in view of popula-
tion pressure, investments in arable land were limited to the active and passive 
transport of organic matter and their nutrients. Numerous livestock and humans 
functioned as the primary and secondary tools, and the amounts of manure, hay, 
leaves, fruits, wood, and sod brought to farm and village created fields that were 
sometimes more than 1 m higher than the original level. It was at the expense of 
range, forest, and wasteland that degraded progressively and became moving sands. 
Entire villages disappeared, and the population reinforced the army of job seekers 
in the cities. Entirely different landscapes developed on clay and on sand.

Bieleman (1987) studied the history of agriculture on Dutch sands in detail, but 
limited himself to one rather homogeneous region, the province of Drente. He 
shows numerous variations in evolution of which the description above is a rather 
simple generalization, and insists that private initiatives and market opportunities 
are crucial explanatory factors of agricultural development. Growing markets 
triggered intensification and diversification, in particular, at the dawn of industri-
alization in Europe, in spite of the dominance of production for self-sufficiency 
and the degradation of (part of ) the natural resources. The study underlines that 
even on the scale of a small Dutch province; the distance to external markets is a 
factor for differentiation. Tenths of kilometers more could imply centuries of delay 
in intensification when infrastructure is poorly developed, and carts with animal 
traction primarily provide transport! Many others factors also stress the  importance 
of the context in its agroecological, geographical, socioeconomic, and political sense. 
It is illustrative that the relative importance of crops and livestock and the attention 
they receive from farmers vary with product prices in the Netherlands and in 
Europe. At the turn of the nineteenth century, increasingly available  inorganic 
 fertilizers were mainly used to improve livestock feeding as a result of high dairy 
prices (Bieleman, 1987).
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8.2.3 How to Learn from Others and Elsewhere?

The agricultural development stage in SSA today is where Drente was a century 
ago: overpopulated at low absolute population density, using crop–livestock inte-
gration to try to maintain crop yields, having limited access to inorganic fertilizer 
as an alternative, and using market opportunities as challenges for change. A crucial 
question concerns the time still allowed for using concentration of organic resources 
through livestock and manpower to maintain crop yield and production while the 
population density is increasing. The crux is the fraction of land occupied by fields, 
and the carrying capacity for livestock of the other part. Only temporarily, herd 
growth can satisfy the increasing manure requirements of extending fields. Fields 
used for crop production increase at the expense of grazing land, and the manure, 
which is produced, must be distributed over an expanding area. Besides, extreme 
grazing pressure threatens other land uses, from which wood production is the most 
important under the described circumstances (Slicher van Bath, 1960; Mazoyer & 
Roudart, 1998).

It is tempting to derive an answer from parallels between the situation in Drente 
in the past, and, for example, Burkina Faso and Rwanda today. In all three cases, 
livestock effectives increase rapidly with population density and the inherent exten-
sion of fields. In Drente, with the doubling of the area occupied by fields, from 10% 
to 20%, animal density more than doubled from about 30–80 tropical livestock 
units (TLU) km−2 (time series 1832–1910; derived from Bieleman, 1987, using 
livestock weights 1.5 times greater than those of tropical animals). In Burkina Faso 
with the increase in the area occupied by fields from 5% to 30%, animal density 
increased from about 10 to 40 TLU km−2 (data 1995 per province [de Ridder et 
al., 2004]). In Rwanda with the increased area occupied by fields from 10% to 
40%, animal density increased from about 12 to 33 TLU km−2 (data 2002 per prov-
ince; derived from MINECOFIN, 2003).

In spite of parallels, differences between agroecological and socioeconomic 
conditions are far too large to obtain even an impression of the respite that the latter 
countries still have before production systems based on redistribution and increas-
ingly intensive use of locally available organic matter collapsed. Drente had to feed 
more than 60 inhabitants km−2 when fields occupied 20% of the land, Burkina has 
to feed almost 50 inhabitants km−2 with an average of 15% of the land occupied by 
fields; figures for Rwanda are respectively 320 inhabitants km−2 and 33%. Whereas 
soils in Drente and Burkina Faso are predominantly poor (loamy) sands with 
 limited reserves of organic matter and nutrients, Rwanda has regionally extremely 
fertile volcanic soils. Average cereal yields in Burkina Faso are about 0.8 t ha−1 
year−1. In Drente at the turn of the nineteenth century, they were 1.3 t, and in 
Rwanda today the production per hectare and per year exceeds 2 t (two harvests per 
year). In Drente, 65% of the population depended directly upon agriculture; in 
Burkina Faso and Rwanda it is about 80% and 85%, respectively. Although few 
people are employed outside agriculture, the extremely high population density 
implies that the domestic market for agricultural products in Rwanda is nevertheless 
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much larger than that in Burkina Faso. For example, Cour (2001), Tiffen et al. 
(1994), and Wiggins (1995) stress the opportunities created by large domestic 
 markets for intensification, in West Africa, Kenya, and SSA as a whole.

Despite the differences in agriculture between Drente, Burkina Faso, and 
Rwanda, striking parallels exist. In the three cases, livestock is increasingly 
exploited to maintain the productivity of crops, and in the three cases, it causes 
erosion that undermines the future of agriculture. Moving sand in Drente in the 
past was as threatening as moving dunes and sheet erosion in Burkina Faso and 
eroding hillsides in Rwanda today. In the three regions, cereal yield increases 
under growing population pressure obtained without external inputs such as inor-
ganic fertilizers are about 7 kg ha−1 year−1 (Bieleman, 1987; Breman, 1998), 
 similar to the worldwide situation (Wit, 1986). The three regions have the same 
two options for exploiting increased animal pressure that goes hand in hand with 
extension of fields at increasing population pressure: depleting all land that is not 
used for crops to its limits while undermining the future, or using it for advancing 
to fertilizer use as described in the next chapters (Breman, 1990).

8.3 Redistribution of Organic Matter and Soil Nutrients

8.3.1 Soil Depletion

Stoorvogel and Smaling (1990) created awareness regarding the phenomenon of 
soil fertility depletion in Africa, with their evaluation of the national agricultural 
nutrient balances. They determined the sum of nutrient inputs through fertilization, 
use of organic residues and manures, atmospheric deposition, and sedimentation. 
Then they subtracted nutrient losses through erosion, leaching, volatilization, and 
crop uptake, followed by export from fields at harvest. Ten years later, Henao and 
Baanante (1999) repeated and confirmed their work, after improving some of the 
tools. Both studies evaluated nutrient balances at spatial scales that range from 
small plots to the whole continent. Henao and Baanante (1999) presented their 
results per country, as average values per hectare of cropland. Fields in 23 African 
countries annually lose more than 60 kg ha−1 N + P
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136 kg ha−1 are the highest. Losses in South Africa are negligible; Burkina Faso 
(with 62 kg ha−1) is at the bottom end of the countries with extremely high deple-
tion. A group of 14 countries has medium-level soil nutrient depletion (−30 to 
−60 kg ha−1 year−1); only 7 have low (< 30 kg ha−1 year−1) or no depletion. Factors 
that cause high depletion are, for example, high erodibility of soils, high rainfall, 
and high population pressure. In particular, manure use and inorganic fertilizer 
counterbalance losses. The countries with no or low depletion have an average 
annual fertilizer use of 147 kg ha−1 N + P
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use on average 20 kg ha−1, those with high losses only 13 kg ha−1.
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Factors determining the use of inorganic fertilizers are profitability, favorable 
agroecological conditions (soil and climate), fertilizer aid by donors, fertilizer sub-
sidies, pan-territorial crop and fertilizer prices, access to input credit and to output 
markets, and other policy-linked factors such as public investments in irrigation and 
in soil improvement. Social unrest and lack of political and policy stability  seriously 
hinder fertilizer use (Meertens, 2005; Breman & Debrah, 2003). Also, policies of 
rich countries can have serious negative impacts on fertilizer use in Africa, for 
example, dumping of meat by the European Union made high quality fodder 
 production in West Africa impossible, and cotton subsidies in the USA and else-
where threaten intensive cotton production in Africa (see also Chapter 7).

In a recent paper, Henao and Baanante (in press) compare the depletion rate of 
1995–1997 with 2002–2004. Even in this short period, the situation has worsened. 
One country moved from the group of low depletion to medium depletion; 
two countries moved from high to medium, but five others were added to the list 
of countries with high depletion.

8.3.2  Redistribution: A Component of the Process of Depletion 
of Soil Fertility

Mazzucato and Niemeijer (2000) measured organic matter and nutrient content of 
soils in two villages in Burkina Faso and compared the results with measures 
from the past. The two villages had different population pressures as well as past 
and present land-use pressure. They observed that in the densely populated 
 village, soil fertility decline was not or hardly detectable. This made de Ridder 
et al. (2004) to review literature so that they could revisit the analysis of agricul-
tural production systems in West Africa of the 1980s. That analysis (e.g., Keulen 
& Breman, 1990) revealed that the population pressure was already so severe that 
without the use of inorganic fertilizer, decline in soil fertility of both grazing and 
arable land would lead to decreasing land productivity and jeopardize food 
security.

De Ridder et al. (2004, p. 2) conclude that “nutrient budgets show negative 
trends in stocks, which are probably overestimated because lateral in- and outflows 
are scale-dependent, difficult to estimate and often ignored.” They explain that 
under farming conditions in SSA, decline in soil fertility of rangeland, and forest 
can hardly be measured in view of “highly variable soil management in space and 
in time. However, at coarser scales, gradients in soil fertility are detected as a result 
of centripetal transport of organic material.” In other words, the apparent contradic-
tions between Mazzucato and Niemeijer (2000) and van Keulen and Breman (1990) 
are explained by the difference in focus. The first authors concentrate on fields 
while the latter regard the system as a whole. Most soil depletion occurs on range-
land and in forests, not on fields.
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8.3.3 Quantifying the Redistribution Phenomenon

Hilhorst and Muchena (2000, p. 2), measuring nutrient flows on cropland as 
detailed as possible all over SSA, focus attention on the role of farmers’ manage-
ment, for example, by comparing compound fields and outfields. They conclude 
that: “moving sources of nutrients around creates ‘hotspots’ of good quality, fertile 
soil, even where the sum of nutrient balances in all fields may be negative at the 
farm level.” Haileslassie (2005, p. 95) arrives at a similar conclusion for mixed 
farming systems in Ethiopia:

The positive partial nutrient balances for the intensively cultivated regions of Ethiopia sug-
gest that farmers are applying sufficient inorganic and organic fertilizer to counterbalance 
the nutrient losses caused by the removal of harvested products and crop residues. In con-
trast, the full nutrient balances are negative, indicating that the soil nutrient reserves of the 
country are decreasing.

Ramisch (2005), calculating plot- and household-level soil nutrient balances from 
participatory exercises and soil sampling, observes overall annual community-level 
nutrient balances of −9.2 kg ha−1 of N, + 0.8 kg ha−1 of P, and −3.4 kg ha−1 of K for 
extreme southern Mali. While considering both crop and livestock systems, his 
 balances are partial; he considers only fields at a distance of 3.5–4 km from com-
pounds. He indeed observes centripetal concentration of nutrients; for example, the 
average N input in fields increases from about 40 kg ha−1 at 3.5 km from home to 
100 kg ha−1 for the home compound. A positive N balance is found only for the 
compound field (+3.8 kg ha−1 year−1); elsewhere the balance is negative (average –
15 kg ha−1 year−1). Like Bieleman (1987) in the case of Drente, Ramisch focuses on 
the strong variation between cases:

“… coefficients attributable to household behaviors matched or surpassed those attributa-
ble to distance and …. System differences in household asset ownership, use and resource 
allocation behavior suggested that much of the diversity seen in the nutrient balances and 
soil analyses was due to persistent inter-household inequality and the consequent exchanges 
of agro-pastoral resources.” (Ramisch, 2005, p. 353)

Livestock appears to be a crucial asset; comparing three villages that differ in stock-
ing rate between 7, 17, and 20 TLU km−2 (average values dry and rainy season), 
average annual N balances for fields of −15, −3, and +20 kg ha−1, respectively, are 
observed. Without the frequent manure trade, grazing contracts, and purchases of 
inorganic fertilizer, involving dozens of kg ha−1 N, differences annually should still 
have been larger.

Active and passive transport of organic matter, containing essential mineral 
nutrients, causes centripetal concentration of these nutrients around farms, villages, 
and towns. Thanks to this process, the soil fertility of crucial fields can be main-
tained or even improved at the cost of range-, forest-, and wasteland. Islands of 
(relative) fertility appear, even in regions with very poor soils, comparable to humid 
run-on spots through redistribution of rainwater by runoff in (semi-)arid regions. 
The comparison is useful; redistribution of water and nutrients creates agricultural 
opportunities that are absent at homogeneous distribution of limited amounts.
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Krul et al. (1982) observed the phenomenon of centripetal organic matter 
 concentration and tried to quantify it. Total N, C, and P were respectively 2.75, 3, 
and 6.8 times higher in the top 10 cm of the soil of a large Sahelian village than at 
a distance of 6 km; intermediate figures occurred in between. They estimated the 
export of P by grazing from rangeland far from villages to be in the order of 100 g 
ha−1 year−1. Their primary interest for P should be emphasized. Since phosphorus is 
a nutrient that has limited mobility and is not volatile, its centripetal concentration 
should be higher than that of N, as proven by their observations. It implies that 
the relative dominance of N-deficiency over P-deficiency, as observed for soils in 
large parts of West Africa (Breman & Van Reuler, 2002), is accentuated in the 
redistribution process.4

Synthesis of data from three other studies and regions confirms the above-men-
tioned trend (Breman, 2002). The top 20–30 cm of soil of village fields has a total 
N, C, and P content of 750, 7,900, and 270 mg kg−1, respectively, which is 1.6, 1.7, 
and 2.6 times higher than observed for the bush or bush fields. Using available 
P instead of total P, the concentration for the village field is 50 mg kg−1, even 
8 times higher than that for the bush field.5 In view of the mechanisms involved, 
grazing and wood production, the land further away than the bush fields will have 
somewhat lower organic matter and nutrient contents than the bush fields. Krul 
et al. (1982) showed a decrease of total P from 515 mg kg−1 in the village to 153, 
95, and 76 mg kg−1 at 1, 2, and 6 km distances, respectively. The centripetal 
 concentration can be measured, but as others have already stressed, it is generally 
very difficult to measure a soil fertility decrease in grazing land because organic 
matter and its nutrients are harvested from large areas in comparison with the land 
under crops (de Ridder et al., 2004; Turner, 1995). The supply of P by livestock on 
compound fields, expressed as fraction of total P in the top 25 cm of the soil, is 
annually about 2% or more; the average depletion of rangeland is only one-
 hundredth of it.

The parallel increase of the area occupied by fields and the stocking rate of 
 livestock imply that the supply of manure and the mineral nutrients that it contains 
per hectarage of cropland is rather constant; whereas, the depletion of grazing land 
is increasing. The example of P above is based on an estimation using the simple 
ideal but theoretical case of a concentric distribution of land-use types: compound 
fields (10% of the entire cropland) surrounded by bush fields,  surrounded by grazing 

4  Observations such as those of Green and Cole (2006) regarding feedlots in the USA confirm this 
conclusion: “A 20,000 head capacity feedyard requires at least eight sections of irrigated corn to 
dispose of the manure based upon its fertilizer value for nitrogen, but over 48 sections of irrigated 
corn is required to dispose of the manure based upon its fertilizer value for phosphorus. 
Consequently, applying manure to croplands to meet the nitrogen requirements oversupplies 
phosphorus.”
5    Samaké (2003, p. 85) observes less difference between the concentration of N and P for 
extremely poor soils of the Malian Sahel. In the top 15 cm of compound fields, with 280 and 6 mg 
kg−1 of N and P-Bray-I, respectively, the N content appears 2 times higher than that of the bush 
fields, against 2.6 for P-Bray-I.
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land (range, forest, and wasteland). As radius of the outside circle of grazing land 
7.5 km has been chosen, 15 km is used as the  maximum grazing distance (twice the 
radius if the herd passes the night at the farm). Grazing is done entirely in the outer 
circle for which 8 h day−1 is available. Two-thirds of the manure produced drops on 
cropland during rest, rumination, and moving. Food intake and quality are those of 
a typical herd for integrated crop–livestock systems using  animal husbandry to 
maintain crop production (Ketelaars, 1991). The estimation concerns the maximum 
amount of manure that can be obtained for transporting nutrients from grazing land 
to arable fields. The maximum supply is about 640 kg manure (DM) per hectare of 
cropland at homogeneous distribution. Concentrating all on the compound fields, it 
becomes 6,400 kg ha−1 DM. The figure is the same for 10% of the total acreage under 
crops and a stocking rate of 10 TLU ha−1, as for 30% land under crops combined with 
a stocking rate of 30 TLU ha−1.

If he succeeds in collecting all manure that is produced during the stay of the 
herd in the two inner circles, and if nothing is lost during transport, storage, and 
handling, a farmer has the choice between applying 640 kg ha−1 DM on all his fields 
or 6,400 kg ha−1 on his compound field. However, during storage, the mineralization 
process starts and organic matter will be lost; this results in an increase in the 
 concentration of mineral nutrients in the composted material. In view of the humid-
ification coefficient of about 0.5, at least one-quarter of the manure on DM base 
will be lost during the average 6 months that it must be stored; what remains is at 
maximum 480 kg ha−1 for all fields or 4,800 kg ha−1 for compound fields. Based on 
data from Sahelian countries, Duivenbooden (1992) finds average mineral nutrient 
contents for animal manure of 1.3%, 0.3%, and 1.3% of DM for N, P, and K. In 
other words, on average about 6, 1.5, and 6 kg ha−1 are available for all fields or 
doses of 10 times more on compound fields only.

As already stressed above, losses of the relatively mobile nutrients, N and K 
(mainly through leaching, but in case of N, also through volatilization), in the 
period between grazing and manure application have been much higher than that of 
P. The P content of fodder from Sahelian rangeland is one-tenth of the N content 
(Penning de Vries & Djitéye, 1982); in manure it appears to be a quarter 
(Duivenbooden, 1992). In this context, the term “losses” means “out of control of 
the farmer.” At least part of the lost nutrients will still serve crop growth, if the 
losses occurred in the field.

8.3.4 Reinforcing the Redistribution Phenomenon

A simple ideal, theoretical case was presented above. A series of studies exist from 
which the potential role of different variables for reinforcement of redistribution 
can be derived. Turner (1995) identifies them by using a formula that describes the 
rangeland: “cropland ratio necessary to support manure-supported continuous crop-
ping.” Variables that are emphasized are the production capacity of the land, the 
fraction of cropland for which fertility is still maintained by fallow, the production 
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of leguminous fodder crops (citing Garin et al., 1990), and the grazing radius. They 
are positively but not linearly correlated with the acreage of cropland supportable 
by manure in the place where animals spend the night. This acreage increases also 
by placing the corrals at the outer edge of the continuously cultivated land instead 
of in the village.

Without any quantification of their effects, Turner (1995) also mentioned live-
stock, crop, and soil management. Quak et al. (1998) developed modeling and 
 simulation software that enables the quantifying of the contribution of agricultural 
practices and management to soil organic matter maintenance and nutrient availa-
bility. The modeling incorporated animal production systems (mobile and  sedentary, 
and mixed grazing herd versus fattening at the farm), different cropping systems and 
crops (rainfed and irrigated; cereals, legumes, food, fodder, and cash crops), 
and crop residue management (burning, mulching, burying, and composting). It is 
rather obvious that practices such as sedentary stable feeding, production of high-
quality fodder, and the collection and composting of as much manure, crop 
 residues, and household wastes as possible all reinforce the redistribution phenom-
enon and farmers’ control over it.

Collection and composting of manure, crop residues, and household waste is 
a crucial variable. This is illustrated by the data on which the above average 
 animal manure nutrient contents of Duivenbooden (1992) are based. Using less 
than 20 different sources, the N content already varies between 0.35% and 2.50%, 
the P content between 0.11% and 0.41%, and the K content between 0.46% and 
4.50% of manure dry matter. Factors that improve the contents by reducing losses 
include the use of straw to absorb urine and decrease leaching, concrete floors, 
and anaerobic treatment (pit instead of heap composting; e.g., IFDC, 2002; 
Lekasi & Kimani, 2005).

A strong and socially rather tricky mechanism for reinforcement of redistribu-
tion is the unequal distribution of livestock. The lower the number of farmers 
 concentrating on organic matter and its nutrient content from common grazing land 
on their compound fields, the higher the chance that the soil organic matter status 
can be maintained locally and the nutrient balance is positive. As stated above (in 
Section 8.3.2), comparing concentration of nutrients on marginal land with concen-
tration of water in semiarid regions, redistribution of poverty creates opportunities 
that are absent at homogeneous distribution. This mechanism of reinforcement of 
redistribution is illustrated well by the study of Ramisch (2005) about “inequality, 
agro-pastoral exchanges, and soil fertility gradients”; the correlation between the 
N balance and stocking rate has been presented previously (in Section 8.3.2), and 
the disturbance by manure trade. Key assets for this trade and for focused applica-
tion of manure, after passive concentration by livestock, appear to be carts and draft 
power. … access to labor, transport, and land constrains efficient household manure 
use more than the number of livestock” (Ramisch, 2005, p. 366).

Ramisch asked farmers to classify themselves as “weak”, “average”, and 
“strong” regarding their soil fertility management ability, using their local criteria. 
These criteria appear to be accessibility of manure and inorganic fertilizers, availa-
bility of household labor and oxen, and timeliness of planting. The three classes 
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show a heterogeneous distribution in the observed inverse relationship between the 
degree of heterogeneity of nutrient use and the household N input rate. The “weak” 
soil managers, having an average N input rate of 40 kg ha−1, apply their inputs 
 inequitably; the “strong” soil managers, having an average N input rate of 70 kg 
ha−1, apply their inputs most equitably.

Numerous comments made by farmers indicated that it is better to concentrate [scarce] 
resources than to scatter them. Households with scarce resources were therefore likely to 
concentrate it in a “hotspot” for maximum benefit, while households with access to more 
of that resource would either increase the number or the area of those “hotspots”, thereby 
reducing the overall “patchiness” of their use. (Ramisch, 2005, p. 365)

One could state also that the land of “strong” soil managers becomes the fertile 
soil “hotspots” of the village territory.

8.3.5 The Limits of the Redistribution Phenomenon

Droughts, like those of the Sahel during the last three decades, are revelations 
regarding the degree of overpopulation at certain forms of land use and the surplus 
value of arable farming in comparison to livestock production for feeding men 
based on natural resources only. The drought in the overpopulated Sahelian coun-
tries changed production systems (Breman et al., 1990; de Grandi, 1996). The 
 relative spatial separation of arable farming and livestock production disappeared, 
the mobility of pastoral systems decreased or even disappeared, the point of gravity 
of livestock production moved southward, from the Sahel to the savannah, and the 
integrated crop–livestock system became general. A change in the priority of goals 
for keeping livestock accompanied this change. The pastoral systems that  dominated 
land use in the drier parts of Sahelian countries in the past aimed at producing milk 
and meat. In the present integrated crop–livestock systems, maintenance of crop 
production through manure, traction, and savings dominates over proper animal pro-
duction. This difference becomes increasingly visible at an increasing stocking rate 
parallel to increased acreage under crops (see Section 8.2.3), which is caused by the 
decreasing average fodder quality. “Where the hogs are many, the wash is poor”; 
milk and meat production decrease more than proportionally with decreased 
fodder quality. At a certain moment, the average quality becomes too low to enable 
maintenance of the herd; the productivity parameters become too low. The fodder 
quality limits are 0.9% of N and 52% digestibility (Ketelaars, 1991).

For keeping as much livestock as possible and maintaining their productivity 
as well as possible, farmers are finally obliged to supplement their grazing 
 animals. First, their own crop by-products are used, but finally part of their fields 
must be used for fodder production, or extra (high) quality fodder must be 
 procured (Slicher van Bath, 1960; Mazoyer & Roudart, 1998). It will make a dif-
ference if former pastoralists, who still try to optimize animal production as a 
goal in itself, handle the crop–livestock system or if arable farmers who focus on 
crop production handle it. At first glance, the results of Ramisch (2005) seem 
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counterintuitive in this context. Those who make the most effort to improve the 
fodder situation are arable farmers with rather limited livestock numbers; they 
collect cowpea leaves, cereal stover, and sweet potato vines. The original pasto-
ralists do not do it. Their grazing strategy is, however, much more effective than 
those of arable farmers; the first group allows animals to graze longer and even 
night grazing may still be practiced (Leloup, 1994). The arable farmers must try 
increasing livestock numbers in spite of the “opposition” of existing well-
 managed herds of former pastoralists.

The best chances of rapidly increasing livestock density occur when there is an 
important market for the proper livestock products—milk and meat. The income 
obtained enables farmers to decrease the production of human food at the benefit 
of fodder production. This occurs, for example, in the neighborhood of cities (de 
Ridder & Slingerland, 2001). Livestock traders may also invest in improved feed-
ing. Leloup (1994) presents the example of cotton seedcake procurement. Bieleman 
(1987) describes the rapid change in Drente in the nineteenth century of integrated 
systems dominated by rye production to those dominated by fodder production, 
triggered by the rapid increase of demand for milk and meat in industrializing 
Europe. This change facilitated the transition to inorganic fertilizer use, which in 
Drente appeared to be economically more feasible for livestock feeding than for rye 
production. In the Sahelian examples presented, inorganic fertilizers also start to 
play a role; primarily, cotton pays for it in this case.

The integrated crop–livestock system is indeed an effective tool for maintaining 
for a long time an increasing population based on natural resource use only. It has, 
however, its limits—a judgment also supported by those who accepted that the first 
analyses overestimated the negative trends in soil fertility decline (e.g., Turner, 
1995; de Ridder et al., 2004; Ramisch, 2005). The limits are reached when the via-
bility of livestock herds cannot be ensured any longer and/or the degradation of the 
depleted grazing land gains momentum. The chance that this happens increases 
rapidly when farmers start to reinforce the redistribution process provoked by their 
livestock, collecting plant biomass, mulch, or even topsoil from grazing land. In 
Drente, the collection of sod was a more important cause of desertification than 
livestock.

When the limits of integrated crop–livestock systems are reached depends on 
production systems and management decisions as described under Section 8.3.3. 
Those decisions vary with farmers’ objectives and with their socioeconomic and 
policy environments. The number of factors involved and linkages between them 
are high. It is therefore difficult for farmers to make decisions and for others to 
advise them. Modeling and simulation is increasingly used to increase insight and 
to support the decision process; multiple goal planning is one of the instruments 
(e.g., Bakker et al., 1998; Sissoko, 1998; Savadogo, 2000; Stroosnijder & Van 
Rheenen, 2001; López-Ridaura, 2005). The use of inorganic fertilizers appears to 
be the tool to allow further population growth while reversing the soil depletion 
trend and allowing the unlinking of crop and livestock. Farmers’ accessibility of 
input and output markets is key to the adoption of this solution; therefore, policy-
makers are as responsible for (un)sustainable land use as farmers.
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8.4 Exploiting and Optimizing the Redistribution Phenomenon

8.4.1 Integrated Soil Fertility Management

One may wonder if inorganic fertilizer use can indeed be the tool for SSA to allow 
further population growth while reversing soil depletion. The market-oriented 
production in an increasingly globalizing world requires from farmers highly com-
petitive production. The problem for regions with poor soils is, however, the 
unfavorable value-incremental yield–fertilizer cost ratio of inorganic fertilizer 
use (see Section 8.2.1). It is here that the redistribution phenomenon can be of use. 
The frequently heard and well-intentioned advice to use fertilizers on bush fields in 
view of the use of compost and manure on compound fields is like “putting the cart 
before the horse.” The VCR of using inorganic fertilizer on compound fields, 
combining it with manure and/or compost, is higher than on bush fields with their 
negative organic matter and nutrient balances. The combined use of inorganic ferti-
lizer with compost or manure is one of the effective forms of integrated soil fertility 
management (ISFM). ISFM, in this context, aims to improve access to, and 
increased use of, inorganic fertilizers. It combines inorganic fertilizers and soil 
amendments in an integrated way. Soil amendments—sources of organic matter, in 
particular, but sometimes also phosphate rock and/or lime, improve the soil organic 
matter status, the accessibility of P and the soil pH, and improve fertilizer-use effi-
ciency. The inorganic fertilizer not only increases crop yield, it also contributes to 
the availability and quality of the key amendment, organic matter in form of crop 
by-products (IFDC, 2002, 2004, and 2005). Sissoko (1998) identifies a series of 
policy measures that favor the adoption of ISFM by cotton farmers in southeast 
Mali: those that increase the profitability of fertilizer use (see Section 8.3.1), soil 
improvement (e.g., supporting the use of soil amendments such as phosphate rock), 
improving land-use rights security, responsibility of producers through decentrali-
zation and development coordination. After 4 years of using ISFM by 3,000 farmers 
in seven West African countries on five crops, N-use efficiency increased by an 
average of 50% (IFDC, 2004). VCRs for traditional use varied between 2–3 or less6 
and 8, depending on systems, crops, and regions. The related yields varied between 
750 kg ha−1 for maize on bush fields and 3,000 kg ha−1 for irrigated rice. After 
4 years of using ISFM, VCR values ranged from 4 to12, and yields from 1,800 to 
5,500 kg ha−1. The lowest VCR and yield was now found for sorghum, the highest 
again for irrigated rice. A whole menu of ISFM technologies has been developed; 
each technology has its own source of organic matter and its own recommendation 
domains. Details are increasingly published in scientific publications (Fofana et al., 
2004, 2005, and in press; Wopereis et al., in press).

6  These low values have been derived from on-farm trials; farmers generally do not adopt inor-
ganic fertilizer use at this VCR level (see Section 8.3.1).
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Good soils, enabling the economical use of inorganic fertilizers, are the most 
favorable for the transformation of extensive subsistence agriculture into intensive 
market-oriented production; they allow for competitive production. Relatively good 
soils exist everywhere in the form of compound fields.7 IFDC compared fertilizer-
use efficiency on compound and bush fields in the Sahel and the Soudanian 
savannah.

8.4.1.1  Millet Production on Compound and Bush Fields in Karabedji, 
Niger (Sahel; Average Rainfall 500 mm per year)

Without using fertilizer, in 3 successive years, millet grain yields on bush fields 
varied between 150 and 180 kg ha−1 and on compound fields between 490 and 
570 kg ha−1. Both N and P were limiting. Maximum N-use efficiencies were found 
by using doses of 30 kg ha−1 for both elements that led to average yields of 1,220 
and 1,940 kg ha−1 for outlying and compound fields, respectively. Every kilogram 
of N produced 35 kg of millet grain on the bush fields compared with 47 kg on the 
compound field (Fofana et al., in press).

8.4.1.2  Maize Production on Compound and Bush Fields in Northern Togo 
(Soudanian Savannah; Average Rainfall 900 mm per year)

While comparable results have been obtained for individual sites and years, the 
average difference in N-use efficiency that has been observed on four farms in 
3 successive years is less pronounced than for millet in the Sahel. Using doses of 
50 kg ha−1 of N at 15 or 30 kg ha−1 of P produced maximum N efficiencies. Every 
kilogram of N produced 22 kg of millet grain on the bush fields compared with 
25 kg on the compound field. The greatest differences between outfields and 
 compound fields occurred during a year with low and erratic rainfall. For doses of 
50 kg ha−1 of N, every kilogram of N produced 10 kg of maize grain on bush fields 
compared with 18 kg of maize grain on compound fields.

A much higher difference appears to exist between the N recovery, which is on 
average 30% higher on the compound fields in comparison with that of the bush 
fields. Different dose–N-uptake curves are found for the two types of fields. Yields 
increase proportionally with the N doses for the bush fields, but for the compound 
fields a saturation curve is found. In other words, N was not the limiting factor any 
more above 50 N, and absorbed N is increasingly less efficient when used for grain 
production (derived from Wopereis et al., in press).

7 Market gardening around cities is in this context regarded as an extreme case of compound field 
production. It is the food transport for the urban population that replaces the centripetal concentra-
tion or organic matter by cattle, while organic urban waste replaces household waste and 
manure.
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To better understand the differences in results for the Sahel and the savannah, 
one should realize that the C and N content of the savannah soils are about five 
times higher than those in the Sahel.8 On the compound fields, in particular, 
 important amounts of N became available from the soil; the uptake rate by crops 
was 50 kg ha−1 or more. Without any fertilizer, this leads to average maize yields 
of 2,100 kg ha−1 compared with 900 kg ha−1 on bush fields. The implication for the 
topic of this paper is that: (i) ISFM has indeed comparative advantages for mar-
ginal land (Breman, 1990); and (ii) that there is a limit to the benefits of redistribu-
tion. The latter appears also from the behavior of farmers in the villages studied 
by Ramisch (2005; see Section 8.3.3). It must be possible to improve the effects 
of N application in the savannah, but it requires detailed studies about limiting 
factors and, presumably, more sophisticated and more expensive fertilizer use, 
paying attention to more nutrients, time, and place of application, and fragmenta-
tion of doses.

The increased effects of soil improvement on fertilizer-use efficiency in the case 
of drought should be stressed more. Too often, it is suggested that the use of inor-
ganic fertilizer is very risky in case of drought. The results obtained in Niger and 
the effects in a dry year in the savannah show that using ISFM can suppress this 
risk. This effect of integrated management of inorganic fertilizer and organic soil 
amendments appears far before the soil organic matter status is improved enough 
to explain the drought effect through a higher water-holding capacity (de Ridder & 
van Keulen, 1990). Other possible explanations are the organic matter contributions 
to improved water infiltration, the nutrient-holding capacity of the soil (see below), 
or the improved root development observed by Cissé (1986).

8.4.2 Optimizing Redistribution

Use and optimum management of (soil) organic matter must be different in case of 
being the main source of nutrients or being the soil amendment for efficient inor-
ganic fertilizer use (e.g., Palm et al., 2001). Although the interactions between 
inorganic fertilizers and organic matter are not yet known in detail, several proc-
esses are known through which organic matter contributes to effective management 
of inorganic macronutrient fertilizers (Vanlauwe et al., 2002). Besides the above-
mentioned improvement of water absorption potential, it concerns processes that 
lead to the improvement of the nutrient absorption potential: increased cation 
exchange capacity (CEC) and increased anion exchange capacity, pH buffering, 
occupation of phosphate fixation sites, and maintenance of micronutrient balances 
through chelation and ion exchange.

8 In the Sahelian case the top soils of compound and bush fields had an organic C content of 1.6 
and 1.5 g kg−1, respectively, and a total N content of 135 and 118 mg kg−1. For the savanna case 
these figures were 13.4 and 6.3 for C and 968 and 511 for N.
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The mechanisms behind these phenomena are such that it appears sufficient to 
ensure that minimum soil organic matter values are maintained through organic 
matter management. Pieri (1989) formulates such critical threshold values in rela-
tion to the soil textures, paying attention to the soils’ potential for erosion. Breman 
(2002), influenced by the work of Janssen et al. (1990), suggests a soil organic 
 matter content in relation to the nutrient-holding capacity of soils; the CEC value 
should be at least 10 cmol kg−1. Also, in that case, the threshold and the required 
amounts of organic matter will be texture dependent, considering the contribution 
of clay particles to the CEC. The idea of a threshold is supported by the behavior 
of farmers as described by Ramisch (2005, p. 365), presented in Section 8.3.3. 
Those households that “would either increase the number or the area of those 
“hotspots,” thereby reducing the overall “patchiness” of their use” are the richer 
ones using also most inorganic fertilizers.

Not only is less organic matter required when used as a soil amendment in an 
ISFM context compared with its use as manure, but its quality is also different. 
Organic matter with a lower nutrient content and a lower mineralization rate is 
required (Palm et al., 2001). This concerns material that contributes more easily and 
quickly to soil organic matter maintenance or formation; it has a high C-sequestration 
capacity. The availability of such organic matter is much higher than that of the 
quality class that can be used as a direct alternative for inorganic fertilizer. However, 
part of the organic matter will be “too inert” to serve effectively in an ISFM context 
in combination with inorganic fertilizers (Henkens, 1975; Palm et al., 2001; 
Breman et al., 2004). This organic matter can only be used for erosion control and 
for C-sequestration.

Armed with this knowledge and with the knowledge of farmers and scientists 
about spatial crop growth variability (e.g., Voortman & Brouwer, 2003; Voortman 
et al., 2004), the progressive transition from passive to active redistribution can be 
guided and exploited for the intensification of agriculture by inorganic fertilizer 
use. Goal- and location-specific recommendations can be made for the integrated 
use of inorganic fertilizers and available sources of organic matter, promoting dif-
ferent ISFM technologies for different farm sites9:

● One should be less concerned about negative organic matter and nutrient bal-
ances of whole village territories and adjacent rangelands, and even about the 
degradation of the latter. Rather, one should be concerned about bottlenecks for 
market-oriented, competitive production, such as limited access to inorganic 
fertilizers, lack of market transparency, and inadequate agricultural policies.

● Intensification should start on compound fields5 and focus first on N fertilizer, 
combining it with manure and compost, and if required with P (K, S, …).

● Compound fields on which inorganic fertilizer is used can be extended more than 
the traditional ones on which manure and compost serve as nutrient sources.

9 It goes without saying that besides benefiting from the (relative) good soils of compound fields 
for starting intensification, farmers should also exploit good soils such as those of depressions and 
valleys, where nutrients from elsewhere are concentrated thanks to water. Schreurs et al. (2002) 
promote and illustrate the use of strategic sites in general.
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● At least part of the space10 created by extension of compound fields should be 
used for fodder production on bush fields. If the VCR of fertilizer use allows it, 
other ISFM technologies can be introduced on bush fields, particularly those 
based on agroforestry, fodder, and cover crops, and pasture–crop rotation. It 
reinforces the redistribution process and the availability of organic matter for the 
extension of compound fields without (rapid) depletion of bush fields. Both N and 
P are required (more often than on compound fields—K, S, and micronutrients, 
e.g., for productive leguminous crops).

● N doses must be relatively low to avoid the negative interaction with N from soil 
organic matter and other organic resources that easily suppress the benefit of 
high N recovery (Fofana et al., in press; Wopereis et al., in press).

Small ruminants, the most important tool for organic matter casu quo mineral nutrient 
transport where population pressure is high and depletion of forest-, range-, and 
wasteland is advanced, become redundant, and their harmful influence on the 
 environment can be controlled when the redistribution phenomenon itself is not used 
to maintain production but where it serves intensification as described. The centripe-
tal transport can even turn into a centrifugal transport and replenish (planned or 
unplanned) the depleted surroundings of farms and villages. A form of unplanned 
redistribution in countries with intensive agriculture and high levels of fertilizer use 
is acid rain, a fraction of which is caused by extremely intensive livestock raising. In 
the Netherlands, its effect on entirely depleted and degraded land reached the point 
that the law had to be changed to protect the last moving dunes as a monument to the 
history of agriculture. These laws, very similar to those developed today for stopping 
desertification in the Sahel, were elaborated centuries ago to stop environmental 
 degradation caused by human activities in regions with poor sandy soils (e.g., 
Gelderland Province, 1862; see Handelingen Provinciale Staten Gelderland, 1982).

8.4.3 Enabling Socioeconomic and Policy Environments

Active replenishment of depleted African soils is no requirement for agricultural 
development. However, public investments in soils can contribute largely to the 
success of ISFM. Such investments are about one-tenth of those in small-scale 
 irrigation with at least comparable rates of return and can be direct (cheap soil 
amendments) or indirect—supporting farmers through subsidies or loans for carts 
and animal traction (Breman et al., 2003). They should focus on reinforcement of 
the positive effects of the redistribution phenomenon, enabling farmers to start 
 fertilizer use where even the compound fields at present do not allow it.11 It forms 

10 ‘Space’ should be read in several senses: more food can be produced thanks to higher yields and 
larger surface, while the higher fertilizer-use efficiency leads to a higher net production and income.
11 A useful form of support concerns reinforcement of active organic matter management and 
redistribution, for example, through subsidized carts and draught oxen.
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one of the four main public supports for agricultural and rural development. The 
others are investments in infrastructure and transport, the creation of an enabling 
environment for private input and output market development (transparency), and 
regional cooperation, considering the benefits of scale and temporary and differen-
tiated market protection (Breman & Debrah, 2003). Such policies improve the VCR 
of using inorganic fertilizer by offering farmers lower fertilizer prices and higher 
crop prices, which reinforce the approach presented for increased fertilizer-use 
efficiency.
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Chapter 9
Soil Quality and Methods for its Assessment

Diego De la Rosa and Ramon Sobral

Abstract Environmental sustainability will only be achieved by maintenance and 
improvement of soil quality. Soil quality is considered as the capacity of a soil to 
function. Its assessment focuses on dynamic aspects to evaluate the sustainability 
of soil management practices. In this chapter, a wide perspective of soil quality and 
the complex task of its assessment, considering the inherent and dynamic fac-
tors, are introduced. It focuses on the possibilities of applying and integrating 
the accumulated knowledge in agroecological land evaluation in order to predict 
soil quality. Advanced information technologies in modern decision support 
tools enable the integration of large and complex databases, models, tools, and 
techniques, and are proposed to improve the decision-making process in soil 
quality management. Although universal recommendations on soil quality and 
sustainability of soil management must not be done, this chapter presents general 
trends in soil quality management strategies. This includes arable land identifica-
tion, crop diversification, organic matter restoration, tillage intensity, and soil 
input rationalization.

Keywords Agroecological land evaluation, dynamic soil quality, inherent soil 
quality, MicroLEIS, soil function, soil health, soil indicator, spatial decision sup-
port tool, sustainable agricultural system

9.1 Introduction

The results of exploiting land-use systems without consideration of the conse-
quences on soil quality have been environmental degradation. Agricultural use and 
management systems have been generally adopted without recognizing conse-
quences on soil conservation and environmental quality, and therefore significant 
decline in agricultural soil quality has occurred worldwide (e.g., Imeson et al., 
2006). Soil erosion and diffuse soil contamination are the major degradation proc-
esses on agricultural lands as a consequence of expansion and intensification of 
agriculture. Other nonagricultural uses, such as industrial and urban uses, also have 
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important negative consequences on soil quality, due to local contamination, soil 
sealing, and changes in the dynamics of the landscape systems (see Chapter 10).

The concept of soil quality (Doran & Jones, 1996; Karlen et al., 1997) is useful 
to assess the condition and sustainability of soil and to guide soil research, plan-
ning, and conservation policy. However, some authors (e.g., Sojka & Upchurch, 
1999; who first introduced this controversy) consider the soil-quality paradigm as 
parochial, despite its application by several US institutions such as the Soil Quality 
Institute. Other workers such as Davidson (2000) noted that soil quality is a valid 
and important concept that is not amenable to a simple and universal definition, and 
that will make a distinctive and crucial contribution to soil management.

The importance of soil quality lies in achieving sustainable land use and man-
agement systems, to balance productivity and environmental protection. Unlike 
water and air quality, simple standards for individual soil-quality indicators do not 
appear to be sufficient because numerous interactions and trade-offs must be 
 considered. For assessing soil quality a complex integration of static and dynamic 
chemical, physical, and biological factors need to be defined in order to identify 
different management and environmental scenarios. Also, the consequences of any 
decline in soil quality may not be immediately experienced. The soil system does 
not necessarily change as a result of changing external conditions or use, because 
soil has the capacity of resistance (or resilience) to the effects of potentially damaging 
conditions or misuse or to filter out harmful materials added to it. In part, this 
capacity of the soil in buffering the consequences of inputs and changes in external 
conditions arises because the soil is an exceedingly complex and varied material 
with many diverse properties and interactions between soil properties. It is this 
complex dynamic nature which often makes it difficult to distinguish between 
changes as a result of natural development and changes due to nonnatural external 
influences. Soil-quality assessment, based on inherent soil factors and focusing on 
dynamic aspects of soil system, is an effective method for evaluating the environ-
mental sustainability of land use and management activities (Nortcliff, 2002).

However, the process of evaluating soil is not new, and agroecological land 
 evaluation has much to offer. Land suitability is defined in land evaluation as “the 
fitness of a given land unit for a specified type of land use” (FAO, 1976). In a more 
operational sense, suitability expresses how well the biophysical potentialities and 
limitations of the land unit match the requirements of the land-use type. Therefore, 
new investigations must obviously be based on a solid understanding of past stud-
ies (De la Rosa, 2005). Agroecological land evaluation predicts land behavior for 
each particular use, and soil-quality evaluation predicts the natural ability of each 
soil to function. However, land evaluation is not the same as soil-quality assess-
ment, because biological parameters of the soil are not considered in land evalua-
tion. Soil surveys are the building blocks of the dataset needed to drive land 
evaluation. Soil surveys and soil taxonomy systems are used to define with preci-
sion specific soil types.

Emerging technologies in data and knowledge engineering are providing excel-
lent possibilities for the development and application processes of soil-quality 
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assessment. As in land evaluation, the application phase of soil-quality assessment 
is a complex process of scaling-up from the representative areas of the development 
phase to implementation in unknown scenarios. This application phase can be 
 executed with computer-assisted procedures. It involves the development and link-
age of integrated components, the recently named decision or planning support 
tools (e.g., MicroLEIS system; De la Rosa et al., 2004). Decision support systems 
are computerized technology that can be used to support complex decision-making 
and problem-solving. Technically, decision support system comprises components 
for (i) sophisticated database management capabilities with access to internal and 
external data, information, and knowledge, (ii) powerful modeling functions 
accessed by a model management system, and (iii) simple user interface designs 
that enable interactive queries, reporting, and graphing functions (e.g., Oxley 
et al., 2004).

As reported by the Soil Quality Institute (USDA, 2006), the ultimate purpose of 
assessing soil quality is not to achieve high aggregate stability, biological activity, or 
some other soil property. The purpose is to protect and improve long-term  agricultural 
productivity, water quality, and habitats of all organisms including people. By assess-
ing soil quality, a land manager will be able to determine if a set of management 
practices is sustainable. For example, agricultural management systems located on 
the most suitable lands, according to their agroecological potentialities and limita-
tions, are the best way to achieve sustainability.

There is a need to investigate coordinated and multidisciplinary approaches to 
assessing soil quality, evaluating long-term potential and limitations (inherent soil 
aspects), and monitoring the short-term changes (dynamic soil aspects) in 
response to sustainable soil use and management. This chapter presents a wide 
perspective on soil quality and the complex task of its assessment, considering the 
inherent and dynamic aspects of soil system. It focuses on the possibilities for 
applying and integrating accumulated knowledge on land-evaluation modeling, in 
order to predict soil-quality indexes. Advanced information technologies, which 
enable the integration of large and complex databases, models, tools and tech-
niques, are  proposed to improve the decision-making process in soil-quality 
assessment application. Finally, general trends in soil-quality management strate-
gies are discussed.

9.2 Soil Quality

As suggested in the early 1990s, soil quality is “the capacity of a soil to function”. 
More specifically, soil quality has been defined by a committee for the Soil Science 
Society of America (Karlen et al., 1997) as “the capacity of a specific kind of soil 
to function, within natural or managed ecosystem boundaries, to sustain plant and 
animal productivity, maintain or enhance water and air quality, and support human 
health and habitation”. Also, soil quality can be considered as the ability of a soil 
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to fulfill its functions in the ecosystem, which are determined by the integrated 
actions of different soil properties. With respect to agriculture, soil quality would 
be the soil’s fitness to support crop growth without becoming degraded or otherwise 
harming the environment.

Some authors (e.g. Warkentin, 1995) have suggested that soil quality is simply 
related to the quantity of crops produced. However, others have emphasized the 
importance of demonstrating how soil quality affects feed and food  quality, or how 
soil quality affects the habitat provided for a wide array of biota. Numerous other 
aspects associated with the living and dynamic nature of soil will be encountered if 
the concept of soil quality is considered in relation to different land uses: forest and 
rangeland ecosystems, urban and industrial land, recreational uses, etc. Because of 
the diversity of potential land uses, the concept of soil quality should be viewed as 
relative rather than absolute. Therefore, each soil has a natural capacity to perform 
a specific function.

According to the Soil Quality Institute (USDA, 2006), the soil-quality concept 
is related to the concepts of sustainability of soil use and management, although 
in some cases the focus has been predominantly on contaminated land. To do that 
the notion of soil quality must include soil productivity, soil fertility, soil degra-
dation, and environmental quality. In this sense, the major activity is devoted to 
the evaluation of sustainable soil management systems together with the develop-
ment of associated soil-quality assessments (Doran & Jones, 1996).

9.2.1 Quality Types

Soil has both inherent and dynamic qualities (USDA, 2006). Inherent soil quality 
is a soil’s natural ability to function. For example, sandy soil drains faster than a 
clayey one. Deep soil has more room for roots than soils with bedrock near the sur-
face. These characteristics are permanent and do not change easily. The inherent 
quality of soils is often used to compare the abilities of one soil against another, and 
to evaluate the value or suitability of soils for specific uses. Traditional studies in 
land evaluation have been basically concerned with the practical interpretation of 
inherent soil properties (soil suitability) such as inventoried in soil surveys.

Dynamic soil quality is how soil changes depending on how it is managed. 
Management choices affect the amount of soil organic matter, soil structure, and 
water- and nutrient-holding capacity. One goal of soil-quality research is to learn 
how to manage soil in a way that improves its functions. This dynamic aspect of 
soil quality is the focal point of assessing and maintaining healthy soil resources.

According to the soil factors considered, the soil quality can be physical, 
chemical, or biological. Most of the physicochemical factors are related to 
inherent soil quality, and biological and some physical factors with the 
dynamic soil quality. Although soil quality often focuses on biological aspects, 
this must not diminish the importance of physical and chemical factors (Ball & 
De la Rosa, 2006).
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9.2.2 Soil Health

Soil health is the other principle for sustainable soil management used by some soil 
scientists. Doran et al. (1997) define soil health as the continued capacity of soil 
to function as a vital living system, within ecosystem and land-use boundaries; to 
sustain biological productivity; promote the quality of air and water environments; 
and maintain plant, animal, and human health. In this sense, the soil is considered 
as a living system, address all essential functions of soil in the landscape, compare 
the condition of a given soil against its own unique potential within climatic, land-
scape, and vegetation patterns, and somehow enable meaningful assessments to 
trends. Although some authors consider the terms soil quality and soil health as syn-
onymous (e.g., Wolfe, 2006), the integrated concept of soil quality can be defined, 
including the inherent soil quality, traditionally named soil suitability, and the 
dynamic soil quality or soil health (Fig. 9.1).

9.2.3 Soil Functions

The soil system can perform many functions, and often simultaneously. According 
to Nortcliff (2002), the soil must provide the following basic functions: (i) a physi-
cal, chemical, and biophysical setting for living organisms; (ii) the regulation and 
partition of water flow, storage, and recycling of nutrients and other elements; (iii) 
support for biological activity and diversity for plant growth and animal productivity; 
(iv) the capacity to filter, buffer, degrade, immobilize, and detoxify organic and 
inorganic substances; and (v) provide mechanical support for living organisms 
and their structures.

Specific soil functions can be defined with respect to issues like particular crop 
growth, and soil erosion or soil contamination hazard (Table 9.1).

Several soil physical functions, such as water retention and infiltration or soil 
aeration, are directly connected to the biological status of soil system, as also are 
the kinds of organisms and nutrient supply. Soil quality is therefore a multifunc-
tional concept. As reported by Imeson et al. (2006), it is well known that overuse 
or exploitation of some functions (e.g., production function for crops) can lead to 
the damage of other ones. The spatial and temporal variation in the provision of 
functions should be incorporated in evaluations or assessments.

Fig. 9.1 Graphical representation of the soil-quality concept integrating inherent soil quality 
(or soil suitability) and dynamic soil quality (or soil health)

Soil quality

+Inherent soil quality

(Soil suitability)

Dynamic soil quality

(Soil health)
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9.2.4 Soil Threats

Consideration of soil threats is crucial for assessing the quality of the soil system. 
These are the major threats faced by soils: (i) soil erosion, (ii) soil contamination, 
(iii) decline in organic matter and biodiversity, (iv) soil compaction, (v) salinization, 
(vi) floods and landslides, and (vii) soil sealing. In many places, soil erosion is the 
most severe consequence of soil degradation with respect to restoration of soil qual-
ity, and controlling erosion is a prerequisite for a healthy soil. However, most of the 
soil degradation processes are interlinked, and are often linked by similar causative 
 factors. The risk of these soil threats can be monitored by use of indicators such as 
trends in yields on soils under irrigation to monitor risk of salinity. Actions to protect 
soil quality necessitate tackling collectively the different threats.

Imeson et al. (2006) provide interesting information of the SCAPE (Soil 
Conservation and Protection for Europe) project, at different levels of scale, about 
soil degradation processes and how they are related to soil use and management. 
Ten case studies are reported by these authors which deal with the main threats to 
soils in different biogeographic regions in Europe. The general consensus of these 
case studies is that soil conservation and protection requires a holistic interdiscipli-
nary approach and that integrated actions are required considering all of soil 
 functions. The main task of the SCAPE project was to provide scientific support to 
the development of the European Soil Strategy to manage soils in a sustainable way 
and protect them from the many threats they are facing (EC, 2002).

Table 9.1 Specific soil functions considered for several soil-
quality issues

Soil-quality issue Soil function

Crop growth Plant root penetration
 Plant water-use efficiency
 Water- and air-filled pore space
 Water infiltration
Natural fertility Nutrient availability
 Cation-exchange capacity
 Acidity
 Salinity/alkalinity
 Toxicity
Erosion risk Runoff potential
 Erodibility
 Cover protection
 Subsoil compaction
 Workability
Compaction risk Water retention
 Water infiltration
 Cohesion
 Workability/trafficability
Contamination risk Leaching potential
 Toxic absorption
 Toxic mobility
 Chemicals degradation
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9.3 Assessment Procedures

Any evaluations of soil quality must consider the multiple soil uses (e.g., agricultural 
production, forest, rangeland, nature conservation, recreation, or urban  development). 
However, the most widely accepted concept of soil quality and the most significant in 
a global context concerns agro-ecosystems. In soil-quality evaluation or assessment, the 
two main questions that must be answered are: (i) how does the soil function; and (ii) 
what procedures are appropriate for making the evaluation. After answering those ques-
tions, a range of parameter values or indexes that indicate a soil is functioning at full 
potential can be calculated using landscape characteristics, knowledge of pedogenesis, 
and a more complete understanding of the dynamic processes occurring within a soil. 
Soil-quality assessment focuses on dynamic aspects to evaluate the sustainability of soil 
management practices, but it must be based on the inherent soil factors.

9.3.1 Soil-Quality Indicators

A soil-quality indicator is a simple attribute of the soil which may be measured to assess 
quality with respect to a given function. It is important to be able to select attributes that 
are appropriate for the task, given the complex nature of the soil and the exceptionally 
large number of soil parameters that may be determined, as exemplified in Table 9.2.

Table 9.2 Original geo-referenced soil-profile attributes (morphological, physical, and chemical 
properties) stored in the SDBmPlus soil database. (Adapted from De la Rosa et al., 2004)

 Stored soil profile variables

Data block Land characteristic type Numbera

Block #1 Site information: Characteristics of the soil profile site, as well as its  62
  identification and classification

Block #2 Soil horizon description: Information on the soil morphological and  54
  other characteristics of each horizon

Block #3 Standard chemical analyses: Information on the standard analytical  33
  results for sampled horizons

Block #4 Soluble salts and heavy metals: Information on the main soluble salts  27
  and on the trace elements related to soil contamination

Block #5 Physical data: Information on soil physical determinations 9
Block #6 Water retention and hydraulic conductivity: Up to 25 determinations  50

  per soil sample quantifying the detailed hydraulic properties
Block #7 Additional analytical variables: Up to 10 specified chemical, physical,  10

  or biological characteristics
Block #8 Photographs: Digitized information on site, soil profile,  4

  and other plates
Block #9 Metadata: Information on the procedures and methods followed in  78

  preparing soil analysis data
Total  327
a Considering an average of five different horizons per soil profile, these 327 variables can 
generate more than 1,500 data per soil profile.
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The selection of soil indicators will vary, depending upon the nature of the soil 
function under consideration. These soil attributes can be classified in three broad 
groupings: physical, chemical, or biological indicators (Table 9.3). Many of the 
physical and chemical soil attributes are permanent in time (inherent parameters). 
In contrast, biological and some physical attributes are dynamic and exceptionally 
sensitive to changes in soil conditions and in management practices (dynamic 
parameters). They appear to be very responsive to different agricultural soil conser-
vation and management practices such as nontillage, organic amendments, and crop 
rotation.

The selection of soil indicator attributes should be based on: (i) land use; (ii) soil 
function; (iii) reliability of measurement; (iv) spatial and temporal variability; (v) 
sensitivity to changes in soil management; (vi) comparability in monitoring sys-
tems; and (vii) skills required for the use and interpretation (Nortcliff, 2002). As 
shown in Table 9.3, USDA (2006) select seven physical, three chemical, and two 

Table 9.3 Soil attributes which may be used as indicators of 
soil quality

Grouping type Soil indicators

Physical attributes Soil texturea

 Stoniness
 Soil structurea

 Bulk densitya

 Porosity
 Aggregate strength and stabilitya

 Soil crusting
 Soil compactiona

 Drainage
 Water retention
 Infiltrationa

 Hydraulic conductivity
 Topsoil deptha

Chemical attributes Color
 Reaction (pH)a

 Carbonate content
 Salinitya

 Sodium saturation
 Cation exchange capacity
 Plant nutrientsa

 Toxic elements
Biological attributes Organic matter content
 Populations of organismsa

 Fractions of organic matter
 Microbial biomass
 Respiration ratea

 Mycorrhizal associations
 Nematode communities
 Enzyme activities
 Fatty acid profiles
 Bioavailability of contaminants
a Key indicators selected by the USDA (2006).
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biological indicators, which represent a minimal dataset to characterize soil qual-
ity. Gomez et al. (1999) define six indicators and threshold values for measuring 
sustainability of agricultural production systems at farm level. Other examples of 
soil-quality studies are reported by Doran and Jones (1996) who list soil charac-
teristics as indicators of soil quality.

Critical limits of the soil-quality indicators are the threshold values which must 
be maintained for normal functioning of the soil system. Within this critical range, 
the soil performs its specific functions in natural ecosystems. As reported by 
Arshad and Martin (2002), identification of critical limits for soil-quality indicators 
poses several difficult problems. For example, a critical limit of a soil indicator can 
be ameliorated or exacerbated by limits of other soil properties and the interactions 
among soil-quality indicators.

For many of the soil chemical indicators, there are well-established proce-
dures available for interpreting results. For example in chemical pollution of 
European soils, the Council Directive 86/278/EEC established a set of critical 
levels for concentration of heavy metals (Cd, Cu, Ni, Pb, Zn, Hg, and Cr). These 
values should not be exceeded when sewage sludge is applied in agriculture. This 
directive has been implemented and adapted in the form of several national or 
regional laws, extending the critical levels to soils in general and not limited to 
the application of sewage sludge. These precautionary levels are established for 
the cleaning up of contaminated sites, based on functional  criteria and health 
aspects.

In the case of biological indicators, the interpretation of measurements in rela-
tion to crop yield or environmental effects is in its infancy, and there is not yet any 
agreed scientific basis on which to make such determinations (Wolfe, 2006). For 
example, increasing soil organic matter provides many benefits; however, it can 
also have negative environmental and crop production impacts. These negative 
impacts, such as requirements of many pesticides, greater P solubility, or higher soil 
temperature, are rarely considered or significantly weighted in soil-quality assess-
ment (Sojka and Upchurch, 1999).

Comparing soils that have been under a certain use and management system 
for a number of years with natural soils that have not been disturbed, appears to 
be an appropriate procedure to assess soil quality by single indicators. The influ-
ence of climate, especially distribution of precipitation and temperature, geomor-
phology, and weathering rate could be eliminated by comparing soils exclusively 
within an agro-ecosystem or soil type. In this sense, it would be desirable to 
develop databases of the key soil indicators in natural benchmark soils with late-
successional vegetation from specific ecosystems. These natural benchmark soils 
supporting mature vegetation would be used as the high-quality reference soils, 
because of the ideal balance existing between their physical, chemical, and bio-
logical properties. It would be very interesting to develop global catalogs of natu-
ral benchmark soils based on the already existing data on agricultural soils, for 
example, for the Mediterranean Andalusia region (Spain; De la Rosa, 1984). 
Obviously, these catalogs of natural soils may not be possible due to the high 
level of disturbance of many soils in many parts of the world.
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Future technological advancements, e.g. satellite remote sensing will obviously 
have a positive impact on the inventory and monitoring of soil-quality indicators. 
The latest satellites are already covering the earth with imagery of varied spectral, 
temporal, and spatial resolutions. The resolutions are from 0.5 m to 24 km with days 
or weeks between coverage of the same area, providing a multitude of new possi-
bilities especially through the geographical information systems (GIS) and decision 
support systems (DSS) implementation. The use of global positioning system 
(GPS) allows accurate location of observations made in the field on the inherent 
and dynamic indicators of the soil quality. Some scientists are using a modern tech-
nique of infrared spectroscopy (IR), in conjunction with GPS and satellite remote 
sensing, for rapid, nondestructive soil characterization and monitoring. From these 
reflectance fingerprints of soil samples can be predicted and quantified for multiple 
soil-quality indicators (CGIAR, 2006).

Over the last few years, the ability to extract DNA or ribosomal RNA from 
cells contained within soil samples, and its direct analysis in hybridization 
experiments has allowed to detect the presence of a vast diversity of microbes 
previously unimagined (Thies, 2006). Also, significant progress has been made 
in the development of specific biomarkers and macromolecular probes, enabling 
rapid and reliable measurements of soil microbial communities. Also, modern 
molecular biological techniques, such as fluorescence in situ hybridization 
(FISH) and denaturing gradient gel electrophoresis (DGGE), have facilitated the 
analysis of microbial biodiversity and activity; whereas the application of modern 
analytical techniques, such as nuclear magnetic resonance (NMR) and pyrolysis–
gas  chromatography–mass spectrometry (Py-GC-MS), have provided data on soil 
chemistry (Arias et al., 2005).

9.3.2 Soil-Quality Modeling

Within land evaluation, modeling is the fundamental component for the assessment 
of inherent soil quality. The models provide a tool for predicting the change in out-
come caused by the changes in input parameters. By using land-evaluation models, 
it is possible to predict the rates and direction of many soil-quality changes. Land-
evaluation modeling focuses on different purposes which can be grouped in two 
main classes: land suitability or productivity, and land vulnerability or degradation 
approaches. For example, Table 9.4 shows the MicroLEIS land-evaluation models 
according to the evaluated issues (De la Rosa et al., 2004).

The two principal land-evaluation modeling approaches are: (i) empirical-based 
modeling, and (ii) process-based modeling. The basic idea of empirical modeling for 
land evaluation is that observed relations are quantified and these once analyzed 
(i.e., in a limited number of locations) are applicable for predicting future situations. 
However, this will not work unless there are sufficient data on which to base the 
inferences, so the methodology is not appropriate for new land uses or areas from 
which sufficient samples have not been taken. For land  evaluations of established 
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land uses with sufficient historical or experimental data, such analyses can be very 
useful and are often the preferred method (Van Lanen, 1991). This empirical-based 
modeling has moved on from simple qualitative approaches to other procedures that 
are more sophisticated and based on artificial intelligence techniques.

The linking of the land characteristics with land-use requirements or limitations 
may be as simple as making statements about land suitability for particular uses, or 
lands may be grouped subjectively into a small number of classes or grades of suita-
bility. In many qualitative approaches, quantification is achieved by the application of 
the rule (that is, the minimum law) that the most-limiting land quality determines the 
degree of land suitability or vulnerability. This assumes knowledge of optimum land 
conditions and of the consequences of deviations from this optimum (Verheye, 1988). 
Relatively simple systems of land evaluation depend largely on experience and intui-
tive judgment; they are really empirical models, and no quantitative expressions of 

Table 9.4 MicroLEIS land-evaluation models according to the soil function evaluated and the 
concrete strategy supported for environmentally sustainable agriculture

Constituent 
model

Land-evaluation issue 
(Modeling approach) Supported strategy

Land-use planning-related
Terraza Bioclimatic deficiency 

(Parametric)
Quantification of crop water supply and frost risk 

limitation
Cervatana General land capability 

(Qualitative)
Segregation of best agricultural and marginal 

agricultural lands
Sierra Forestry land suitability 

(Qualitative)
Restoration of semi-natural habitats in marginal 

agricultural lands: selection of forest species 
(22)

Almagra Agricultural soil suitability 
(Qualitative)

Diversification of crop rotation in best agricultural 
lands: for traditional crops (12)

Albero Agricultural soil productivity 
(Statistical)

Quantification of crop yield: for wheat, maize, 
and cotton

Raizal Soil erosion risk (Expert 
system)

Identification of vulnerability areas with soil 
erosion problems

Marisma Natural soil fertility 
(Qualitative)

Identification of areas with soil fertility problems 
and accommodation of fertilizer needs

Soil management related
ImpelERO Erosion/impact/mitigation 

(Neural network)
Formulation of management practices: row spac-

ing, residues treatment, operation sequence, 
number of implements, and implement type

Aljarafe Soil plasticity and soil work-
ability (Statistical)

Identification of soil workability timing

Alcor Subsoil compaction and soil 
trafficability (Statistical)

Site-adjusted soil tillage machinery: implement 
type, wheel load, and tire inflation

Arenal General soil contamination 
(Expert system)

Rationalization of total soil input application

Pantanal Specific soil contamination 
(Expert system)

Rationalization of specific soil input application: 
N and P fertilizers, urban wastes, and 
pesticides
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either inputs or outputs are normally given. For example, the Land Capability 
Classification System (USDA, 1961) and its many adaptations have been widely 
used around the world.

Parametric methods are considered a transitional phase between qualitative 
methods, based entirely on expert judgment, and mathematical models. They 
account for interactions between the most significant factors by the multiplication 
or addition of single-factor indexes. Multiplicative systems assign separate ratings 
to each of several land characteristics, and then take the product of all factor ratings 
as the final rating index. These systems have the advantage that any important fac-
tor controls the rating. The most widely known method to include specific, multi-
plicative criteria for rating land productivity inductively was developed by Storie 
(1933). In the additive systems, various land characteristics are assigned numerical 
values according to their inferred impact on land use. These numbers are either 
summed, or subtracted, from a maximum rating of 100, to derive a final rating 
index. Additive systems have the advantage of being able to incorporate informa-
tion from more land characteristics than multiplicative systems. The FAO agro-cli-
matic zoning project represents a milestone in the development of land evaluation, 
introducing a new approach to land-use systems analysis (FAO, 1978).

Expert systems as computer programs that simulate the problem-solving skills 
of human experts in a given field have been also used. They provide solutions to a 
problem, expressing inferential knowledge through the use of decision trees. In 
land evaluation, decision trees give a clear expression of the comparison between 
land-use requirements and land characteristics. The expert decision trees are based 
on scientific background and discussions with human experts, and thereby reflect 
available expert knowledge. Where suitable data on practical experience are avail-
able, statistical decision-tree analysis can be used to generate land-evaluation mod-
els with good prediction rates (De la Rosa & Van Diepen, 2003).

Neural networks, as an artificial intelligence technology, have grown rapidly 
over the past few years and have an ability to deal with nonlinear multivariate sys-
tems. An artificial neural network is a computational mechanism that is able to 
acquire, represent, and compute a weighting or mapping from one multivariate 
space of information to another, given a set of data representing that mapping. It 
can identify patterns in input training data which may be missed by conventional 
statistical analysis. In contrast to regression models, neural networks do not require 
knowledge of the functional relationships between the input and the output varia-
bles. Also these techniques are nonlinear and thus may handle complex data pat-
terns that make simulation modeling unattainable (De la Rosa et al., 1999).

The process-based models for land evaluation have been basically developed to 
simulate the growth of crops, along with associated phenomena that influence crop 
growth such as water and solute movement in soil. These simulation models are 
deterministic and based on an understanding of the actual mechanisms, but used 
to include a large empirical component in their descriptions of subsystems. The 
so-called Wageningen models (e.g., WOFOST and CGMS) are based on soil proc-
esses and plant physiology to predict yields under several production levels (De la 
Rosa & Van Diepen, 2003).
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The Clouds and the Earth’s Radiant Energy System (CERES) and Gamma Ray 
Observatory (GRO) models are probably the most widely known and used dynamic 
simulation models applied to agricultural production, and which are included in what 
is now termed Decision Support System for Agro-technology Transfer (DSSAT). 
The last version of these models can be parameterized to simulate several crops. 
DSSAT is distributed by the International Consortium for Agricultural Systems 
Applications (ICASA, 2006). Other dynamic simulation models apply to soil degra-
dation aspects, such as soil erosion (e.g., EPIC, WEPP, EUROSEM), and soil con-
tamination (e.g., LEACHM, MACRO, PEARL). Rossiter (2003) has carried out an 
interesting review on the application of these biophysical models in land evaluation.

The S-theory of Dexter (2004) proposes the use of an only index of soil physical 
quality, S. The soil physical quality index, S, is defined as the slope of the soil water 
retention curve at its inflection point. Examples of poor physical quality (S < 0.035) 
are considered by Dexter when soils exhibit one or more of the following symp-
toms: poor water infiltration, runoff of water from the surface, hard-setting, poor 
aeration, poor rootability, and poor workability. Good soil physical quality (S > 
0.035) occurs when soils exhibit the opposite or the absence of the conditions listed 
above. S-theory appears to be also useful for predicting soil physical quality indica-
tors, for example, hydraulic conductivity, friability, compaction, penetrometer 
resistance, and root growth.

A major impediment to applying process-based models in soil-quality evalua-
tion is the requirement for high-quality and high-frequency data of soil indicators. 
However, missing soil indicators can be estimated with pedotransfer functions from 
routine soil survey data, although these approximations will lead to less successful 
applications (Pachepsky & Rawls, 2004). Also, the combination of dynamic simu-
lation models and empirically based land-evaluation techniques are currently pro-
ducing good scientific and practical results, improving the accuracy and applicability 
of the models.

9.3.3 Integrated Approach

For integrated soil-quality assessment, the development of relationships between 
all the soil-quality indicators and the numerous soil functions may be a monumen-
tal task (Zalidis et al., 2002). Therefore, a stepwise agroecological approach for 
soil-quality evaluation and monitoring was proposed by De la Rosa (2005). Two 
steps relating to: (i) inherent soil quality, and (ii) dynamic soil quality are involved 
(Fig. 9.2).

Step #1. Land evaluation is an appropriate procedure for analyzing inherent soil 
quality from the point of view of long-term agroecological changes. Within this 
complex context, land-evaluation models may serve as a first step to develop a soil-
quality assessment procedure (Arshad & Martin, 2002). The first step will result in 
defining agroecological zones, land suitability, and vulnerability classes, for exam-
ple, by application of MicroLEIS models (De la Rosa et al., 2004).
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Step #2. A short-term evaluation and monitoring procedure would be basically 
considered for the soil biological quality in each agroecological zone defined in 
the first step. By measuring appropriate indicators, changes in soil dynamic quality 
can be assessed. These indicators would be compared with the desired values 
(critical limits or threshold level), at different time intervals (Arshad & Martin, 
2002). This comparison of single indicators should be of natural soils that have not 
been disturbed with soils that have been under a certain use and management 
system for a number of years. Because soil biological parameters are most variable 
and sensitive to management practices, a monitoring system (observed change 
over time) would provide information on the effectiveness of the selected farming 
system, land-use practices, technologies, and policies. For example, dehydrogenase 
activity in Mediterranean forest soils proved to be very sensitive to both natural and 
 management changes, and showed a quick response to the induced changes 
(Quilchano & Marañon, 2002). Also, enzyme activities have been found to be very 
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Fig. 9.2 Graphical representation of a stepwise agroecological approach for soil-quality assessment
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responsive to different agricultural management practices such as nontillage 
(Bergstrom et al., 1998).

Because of the complex nature of the soil and its high spatial and temporal variabil-
ity, it is appropriate to develop soil-quality assessment based on biological indicators 
after the traditional land evaluation using basically physicochemical parameters. This 
agroecological approach should focus on dynamic soil aspects (biological factors) but 
with awareness of inherent soil aspects (physical and chemical factors).

In the ensuing section, we present a case study to illustrate the assessment of the 
inherent and dynamic aspects of soil quality. Land-evaluation models are used to 
express inherent soil quality, whereas dynamic soil quality is evaluated by  assessing 
the effects of land use and management on soils through monitoring soil properties 
that more readily respond to use and management.

9.3.4 A Case Study: Assessing Soil Quality in Argentina

Background. The Pampean Region covers about 560,000 km2, and includes the prov-
inces of Buenos Aires, Santa Fe, Entre Rios, Cordoba, and La Pampa in Argentina. It 
has a semihumid to humid subtropical climate with annual precipitation ranging from 
800 to 1200 mm. Large interannual variability in rainfall characterizes the region. 
Mean annual temperature of around 16°C occurs in July, the coldest month, whereas 
January is the warmest month. Altitude varies from 10 to 750 m with a mean of about 
50 m, and slope gradients vary from flat to more than 5%. Formerly, grazing was an 
important activity, but at present rainfed agriculture is the main economic activity in 
the region. Conversion of grassland into cropland is the major land-cover process 
during the last 10 years, accounting for about 28% of increase of cultivated land area. 
The major agricultural crops are wheat, maize, soybean, and sunflower (Moscatelli & 
Sobral, 2005). The formation of pampean soils is influenced by a flux of eolian mate-
rials which originate from unstable desert surfaces. The “pampean loess” are prima-
rily vitric in nature (volcanic glass) and rich in calcium carbonate. Since 2003, the 
INTA Soil Institute had developed the inventory and monitoring of selected bench-
mark soil series from Pampa Region, for undisturbed and cultivated sites. This project 
is based on the previous soil survey studies in the region, where the largest soil map 
with the largest spatial extent was produced at a scale of 1:500,000 though a major 
part of the area was also mapped at 1:50,000.

For this case study, the selected benchmark soil is Ramallo series (Figs. 9.3 and 
9.4), covering about 232,000 ha in the high plains near to Parana River, in the north-
west of Buenos Aires province. The USDA taxonomic classification of a typical 
pedon of Ramallo series is Fine-loamy, Mixed, Thermic, Vertic Argiudolls, with 
soil horizons A, Bt, C of a dark grayish brown color, silty clay loam texture, very 
deep and somewhat poorly drained (Location: 33° 40′ 50′ S and 60° 03′ 10′ W).

Since 1997, the dominant farming system on Ramallo soils is the direct seed-
ing on permanent soil cover (DSPSC), in wheat–soybean rotation (Fig. 9.5). 
Table 9.5 shows the typical operations sequence corresponding to this farming 
system for each crop. The DSPSC system is different from conventional agriculture 
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Fig. 9.3 Topsoil of Ramallo series soil, under natural conditions. The A1 horizon has a depth of 
31 cm, and an organic matter content of 4.27%
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Fig. 9.4 Topsoil of Ramallo series soil, under cultivated conditions. The Ap horizon presents a 
depth of 18 cm, and an organic matter content of 3.10%



Fig. 9.5 Plot cultivated with direct seeding on permanent soil cover (DSPSC method), soybean 
crop over wheat stubble on Ramallo soil. The soil cover is not incorporated into the soil by tillage

Table 9.5 Operation sequence of direct seeding on permanent soil cover (DSPSC farming 
system) on the Ramallo soil in the Pampa region, Argentina

Operation Time (month) Implement type Material input
Work rate 
(h/ha)

Wheat crop
Weed control June Motor sprayer Glyphosate (2 l/ha) + 2-4D 

(0.5 l/ha)
0.40

Crop planting June Direct seeder drill Seed (130 kg/ha) 1.00
Fertilizer 

application
June Direct seeder drill Phosfate ammonia (70 kg/ha) 

+ Urea (80 kg/ha)
Weed control August Motor sprayer Metsulphoron (5 g/ha) 0.40
Harvest December Combine 0.75

Soybean crop
Weed control September Motor sprayer Glyphosate (2 l/ha) + 2–4D 

(0.5 l/ha)
0.40

Weed control October Motor sprayer Glyphosate (2 l/ha) + 2-4D 
(0.5 l/ha)

0.40

Crop planting October Direct seeder drill Seed (80 kg/ha) 1.00
Fertilise October Direct seeder drill Phosphate mono ammonia 

(60 kg/ha)
Weed control November Motor sprayer Glyphosate (2 l/ha) 0.40
Pest control December Motor sprayer Monocrotophos (0.6 l/ha) 0.40
Pest control January Motor spray Endosulfan (0.6 l/ha) 0.40
Harvest April Combine 0.75



9 Soil Quality and Methods for its Assessment 185

Table 9.6 Comparison of average valuesa of soil-quality indicators corresponding to the 
Ramallo benchmark soil, for natural and cultivated conditions, in the Pampa Region, Argentina

Soil quality 
Indicator

Natural conditions
(n = 6)

Cultivated conditions
(n = 20)

Change intensity,
%

Inherent soil quality
Color (humid) 10YR3/2 10YR4/2
Textural class Clay silty loam Clay silty loam
Clay content 56.5 55.4  2
Cation exchange capacity 26.5 22.3 16
Reaction, pH 7.5 6.8 10
Bulk density (g cm−3) 1.07 1.13  5

Dynamic soil quality
Organic matter content (%) 4.3 3.1 22
Respiration rate (kg C ha−1 day−1) 83 61 27
Topsoil loss (%) 0 31 31
Aggregate stability (%) 70 59 16
Infiltration (mm h−1) 44 20 55
Compaction (Mpa) 3.7 4.9 32
Structure index (%) 80 53 34

a The average values for natural and cultivated conditions correspond to 6 and 20 different sites, 
respectively. Sampling period: 2003–2005, at planting time.

in that it retains crop residues on the soil surface as a cover, not incorporating 
them into the soil by tillage. Crop residues are used to form suitable mulch that 
protects the soil and suppresses weed growth. However, this ground-cover strategy 
requires herbicides for weed control, especially for the soybean crop (Table 9.5). 
Therefore, this no-tillage system is characterized by a very high dependency on 
chemical external inputs. The conventional farming system previously used on 
these soils included a very intensive soil tillage with several chisel, disk plough, 
and tine operations.

Step #1: Inherent soil quality. The single indicators of inherent soil quality pre-
sented in Table 9.6 are relatively permanent, and the difference between natural and 
cultivated conditions is relatively low (2–16%). According to different agroecologi-
cal land-evaluation models, the soil and climate information of Ramallo Series have 
been interpreted as follows.

● USDA (1961) Land Capability Classification: Class II e—Very good soils with 
few limitations due to soil erosion that reduce the choice of crops or require 
some conservation practices. This land-evaluation system considers eight capa-
bility classes (I to VIII) with a decreasing production potential in terms of 
expected yield and the range of crops that can be grown. The subclass e repre-
sents erosion hazard.
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● FAO (1978) agro-climatic evaluation: 270 < GPL < 330 days; where GPL is the 
length of growing period calculated on the basis of the annual precipitation 
(800–1,200 mm), the annual potential evapotranspiration (1,100 mm), and the 
available stored soil moisture (100 mm). This represents very high biophysical 
crop production potential under rainfed conditions.

● The Universal Soil Loss Equation (USLE; Wischmeier and Smith, 1965) erosion 
risk evaluation: Estimated current soil loss is 20.5 t ha−1 year−1. The USLE 
prescribes 10 t ha−1 year−1 as acceptable level of soil erosion. Therefore, Ramallo 
soils require some conservation practices.

Step #2: Dynamic soil quality. The dynamic aspect of soil quality is the focal 
point for maintaining soil health. Dynamic quality results from the changing nature 
of soil properties that are influenced by human use and management decisions. 
Collectively, the effects of management will either result in a net positive or negative 
impact on the quality of the soil. For Ramallo soils, Table 9.6 shows the values 
measured for some dynamic indicators at natural or undisturbed and cultivated sites. 
The record of management practices (DSPSC farming system) followed in the culti-
vated sites is summarized in Table 9.5. The last column of Table 9.6 suggests that 
several degradation processes are in progress with different intensity. These are 
mainly subsoil compaction (decrease in infiltration by 55%, and increase in compac-
tion by 32%); and water erosion (decrease in topsoil depth by 31%, and organic 
matter content by 22%). Soil contamination by herbicides, which has not been 
 studied on the cultivated soils may be another important degradation process.

9.4 Soil-Quality Assessment Implementation

The agroecological land-evaluation support system MicroLEIS (De la Rosa et al., 
2004) can be quoted as an example in the application or generalization phase of soil-
quality assessment approaches. This phase will make possible the practical use of 
the information and knowledge gained during the prior phase of developing assess-
ment procedures. The MicroLEIS system was developed to assist specific types of 
decision-makers faced with specific agroecological problems in the Mediterranean 
region. It has been designed as a knowledge-based approach which incorporates a 
set of information tools, as illustrated in Fig. 9.6. Each of these computer-assisted 
procedures is directly linked to others, and customized applications can be carried 
out on a wide range of problems related to land productivity and land degradation.

9.4.1 Data Warehousing

Data warehousing can be greatly facilitated if the nearly infinite list of basic 
attributes is systematically arranged and stored in an ordered format for ready 
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 sorting and retrieval. Database management systems are responsible for these tasks 
and consist of attribute tables manipulated by relational database management 
 systems, and a geometric component handled by GIS.

The land attributes used in MicroLEIS correspond to the following three main 
factors: soil/site, climate, and crop/management. Soil surveys are the building 
blocks of the comprehensive data set needed to drive land evaluation. Land evalua-
tion is normally based on morphological, physical, and chemical data derived from 
the soil survey, such as soil depth, texture, water capacity, drainage class, soil reac-
tion, and organic matter content. Other biophysical factors, mainly referred to 
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Agricultural soil use planning and management

Fig. 9.6 Conceptual design and component integration of the MicroLEIS DSS land-evaluation 
decision support system. (Adapted from De la Rosa et al., 2004. With permission)
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monthly climate parameters, are also considered land characteristics. Because cli-
matic conditions vary from year to year, reliable long-term data are used to reflect 
the historical reality and to predict future events with some degree of confidence. 
Traditionally, agricultural management aspects have been considered a prerequisite 
only in land evaluation. Today, management factors are being incorporated as input 
variables in response to a growing need for integrating farming information. In this 
sense, crop and management data derived from field observation, monitoring, or 
experimentation, such as growing-season length, rooting depth, tillage operations, 
and treatment of residues, are also considered land characteristics.

For each of these main factors, a relational database has been constructed: SDBm 
Plus, CDBm, and MDBm, with connections between the three databases. The mul-
tilingual soil database SDBm Plus (De la Rosa et al., 2002) is a geo-referenced soil 
attribute database for storage of an exceptionally large number of morphological, 
physical, and chemical soil profile data. This database is the “engine” of the 
MicroLEIS DSS system. It is a user-friendly software designed to store and retrieve 
efficiently and systematically the geo-referenced soil attribute data collected in soil 
surveys and laboratories. As illustrated in Fig. 9.7, the SDBm Plus database has the 
following main characteristics: (i) running on WINDOWS platforms; (ii) “help 
menus” facilitating data entry; (iii) automatic translation from English to Spanish, 
French, and German; (iv) metadata feature to describe the methods used in labora-
tory analysis; (v) temporal mode to collect over time physical and hydraulic soil 
properties; (vi) structured query procedure to allow detailed searches; (vii) simple 
graphical analyses and report generation; and (viii) an input file generator for the 
automatic transfer of the stored soil attribute data to GIS and computerized land-
evaluation models. The SDBm Plus database was developed by the MicroLEIS 
Group with the collaboration of FAO through a joint project (FAO-CSIC, 2003).

The climate database CDBm developed for MicroLEIS DSS is a computer-
based tool for the organization, storage, and manipulation of agro-climatic data for 
land evaluation. These geo-referenced climate observations from a particular 
meteorological station correspond to the mean values of such records for a deter-
minate period. The basic data of CDBm are the mean values of the daily dataset 
for a particular month. The stored mean monthly values correspond to a set of 
temperature and precipitation variables (maximum temperature, minimum tem-
perature, accumulative precipitation, maximum precipitation per day, and days of 
precipitation).

The farming database MDBm is knowledge-based software to capture, store, 
process, and transfer agricultural crop and management information obtained 
through interviews with farmers. Each MDBm dataset consists of geo-referenced 
agricultural information on a particular land-use system. This structured collec-
tion of information is stored as a database file. A menu system guides the user 
through a sequence of options to capture the management practices followed on 
a site-specific farm. Input parameters are farm and plot descriptions, crop charac-
teristics, sequence of operations, and behavioral observations. These parameters 
represent a total of 59 default variables according to good management practices 
on Mediterranean farms.
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9.4.2 Modeling Integration

The possibilities for using land-evaluation models in decision-making by devel-
oping the model application software are enormous. This integration phase will 
make possible the practical use of the information and knowledge gained during 
the prior phase of building evaluation models (Antoine, 1994). When the assess-
ment models are expressed in notations that can be understood by a calculating 
device, the algorithms become computer programs. In order to put the models to 
use in practical applications, that is, to automate the application of land-evaluation 
models, a library of PC-based software is  developed. A graphical interface is 
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designed which will allow the models to be easily applied. This user interface is 
considered a very important component because, to the user, it is the system.

Within the MicroLEIS framework, the PC-based software has been written using 
various programming languages, particularly Basic and C++. It has the following 
main characteristics: (i) input data through the keyboard and connection with the 
attribute databases; (ii) “pop up” screens showing codes, types, and classes of input 
variables; (iii) models running in individual and batch-processing modes; (iv) out-
put evaluation results in window, printout, and file formats; and (v) links of output 
files with GIS databases. These computer programs are largely self-explanatory.

The model computer programs can also be implemented on the Internet through 
a World Wide Web (WWW) server, so that users can apply the models directly via 
a Web browser. It is not necessary to download and install the PC software. These 
open-access WWW applications offer several advantages, such as their use by 
many people, allowing their usability to be checked in order to improve the sys-
tems. Upgrades are immediately made available on the WWW server. The Web site 
is the center of activity in developing operative planning or decision support 
systems.

9.4.3 Application Tools

Spatial decision support systems for policymakers and land users must focus on 
choosing optimal use and management decisions. In this sense, optimization tools 
based on land-evaluation models are very important in formulating decision alter-
natives—for example, agricultural management practices to minimize threats to the 
sustainability of farming systems. Agricultural management operations depending 
on spatially varying land characteristics have the added difficulty of trying to satisfy 
multiple, and often opposing, aims: the best soil conditions for plant growth may 
not be the best with regard to erosion or pollution.

Within the MicroLEIS, the optimization tools are used in conjunction with run-
ning various models. On the basis of the quadratic version of the Albero model, a 
mathematical procedure was developed to determine a combination of input varia-
bles to maximize predicted yields. This procedure involved taking the first mathe-
matical derivative with respect to each independent variable, setting it to zero, and 
solving the system of simultaneous equations (De la Rosa et al., 1992). On the basis 
of the expert-system/neural-network structure of the ImpelERO model, a computer-
ized procedure was followed to find an appropriate combination of management 
practices to minimize soil loss for a particular site (specified climate and soil char-
acteristics). This formulation of specific crop management for soil protection of 
each particular site is one of the most interesting features of the ImpelERO model 
(De la Rosa et al., 2000).

Spatial or regional analysis includes the use of spatial techniques to expand land-
evaluation results from point to geographic areas, using soil survey and other 
related maps. The use of GIS technology leads to the rapid generation of thematic 
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maps and area estimates, and enables many of the analytical and visualization 
operations to be carried out in a spatial format, by combining different sets of infor-
mation in various ways to produce overlays and interpreted maps. Furthermore, 
digital satellite images can be incorporated directly into many GIS packages. This 
technology is a prerequisite for managing the massive datasets required for spatial 
land-evaluation application—a simple map subsystem (e.g., ArcView) being all 
that is required to show basic data and model results on a map, or to extract infor-
mation from maps to be used in the land-evaluation models.

The option “Spatialization” of MicroLEIS was developed as a further stage of 
the scaling-up process of evaluation models application. GIS technology was used 
to extract information from maps to be used in the predictive models, and to show 
model results on a map. The evaluation results are estimated by grid cells and 
aggregated to regional level. The soil survey maps, which in geographical format 
are usually polygonal multifactor maps, are the main source of basic information. 
Additional basic information can be extracted from other soil-survey-related 
maps, such as land-use maps. At the regional scale, part of the basic information 
for applying MicroLEIS land-evaluation methods can be facilitated by single-fac-
tor grid maps, such as digital terrain models, along with satellite images (De la 
Rosa et al., 2004).

9.5 Sustainable Management Practices

Rule number one is that universal recommendations on sustainability of soil man-
agement practices must not be done. It is clear that each particular site (combina-
tion of climate, soil type, and land use) requires a different set of management 
practices, but several general principles can apply in most situations. These gen-
eral principles on sustainable agricultural practices focus on the positive effects on 
soil quality: (i) increased organic matter, (ii) decreased erosion, (iii) better water 
infiltration, (iv) more water-holding capacity, (v) less subsoil compaction, and 
(vi) less leaching of agrochemicals to groundwater. All these soil-quality condi-
tions are essential for the proper functioning of soil, and one or two of them alone 
will not be enough. They can be analyzed in relation to the following groups: (i) 
arable land identification, (ii) crop diversification, (iii) organic matter restoration, 
(iv) tillage intensity, and (v) soil input rationalization.

9.5.1 Arable Land Identification

Agricultural management systems located on the most suitable arable lands, according 
to their agroecological potentialities and limitations, is the first step to achieve soil 
sustainability. On the contrary, any kind of agricultural management system will 
have a negative environmental impact when applied on land with very low suitability 
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for agricultural uses. Marginal agricultural land under any kind of farming system 
used to be the ideal scenario for soil erosion. Therefore, a positive correlation 
between current land use and potential land capability would be desirable, beginning 
with the identification of the best agricultural lands.

It is clear that in many marginal agricultural lands, it can be necessary to change 
the land-use system fundamentally by conversion from arable to forest or pasture. 
For example, the case of a Mediterranean region: Andalusia, as shown in Table 9.7 
the relationship between present land use (current use) and agricultural land capability 
(potential use) is clearly unbalanced (De la Rosa & Moreira, 1987). About 1 million 
ha of rainfed agricultural lands must be converted to forestry, grazing, or natural 
lands in order to get a better equilibrium in comparison with the moderately or 
clearly marginal lands. Similar situations are very frequent in other European 
regions, and it is the major reason for the reforestation programs launched by the 
European Commission.

9.5.2 Crop Diversification

Crop diversity is beneficial for several reasons. Each crop contributes a unique 
root structure and type of residue to the soil. A diversity of organisms can help 
control pest populations, and a diversity of cultural practices can reduce weed and 
disease pressures. Diversity across the landscape and over time can be increased 
by using buffer strips, small fields, contour strip cropping, crop rotations, and by 
varying tillage practices. Changing vegetation across the landscape or over time 
increases plant diversity, and the types of insects, microorganisms, and wildlife 
(USDA, 2006). In contrast, simplification of crop rotation as a relevant element 
of arable intensification has led to soil deterioration and other negative environ-
mental impacts.

Table 9.7 Comparison of present land uses and agroecological land-capability 
classes in Andalucia region, Spain

 Estimated extension Percentage
Category (103 ha) (%)

Irrigated agricultural lands  592  7

  Present land use
Rainfed agricultural lands 3,165 36
Forestry, grazing and natural lands 4,007 46
Others  936 11

  Land capability class
S1. Excellent agricultural lands  535  6
S2. Good agricultural lands 1,735 20
S3. Marginal agricultural lands 2,311 27
N Nonagricultural lands 4,073 47
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Within the agricultural lands, all soils can be used for almost all crops if suffi-
cient inputs are supplied. The application of inputs can be such that it dominates 
the conditions in which crops are grown, such as it can be the case in greenhouse 
cultivation. However, each soil unit has its own potentialities and limitations (soil 
suitability), and each crop its biophysical requirements. In order to minimize the 
socioeconomic and environmental costs of such inputs, the second major objective 
in managing soil quality is to predict the inherent suitability of a soil unit to support 
a specific crop for a long period of time. This kind of study provides a rational basis 
to diversify agricultural soil system considering all the possible crops (De la Rosa 
& Van Diepen, 2003).

9.5.3 Organic Matter Restoration

Increasing soil organic matter level is critical because organic matter is related to 
many aspects of soil physical, chemical, and biological quality. Organic matter 
improves soil structure, water-holding capacity, nutrient availability, biological 
activity, and can help protect against erosion and compaction. Also, soil organic 
matter restoration could remove significant amounts of carbon dioxide from the 
atmosphere (see Chapter 2).

Better crop yields that produce more crop residues to incorporate into the soil 
are the best way to increase stable soil organic matter. Burning the straw or stubble 
after harvest is a practice not recommended. Further additions may come from animal 
manure, green manure, and sewage sludge and biosolid wastes when properly and 
safely recycled. To do the last, it is necessary to select the more appropriate kind 
of soil to receive these wastes. For example, calcareous soils appear to be the most 
suitable, considering the important role of calcium for increasing the efficiency of 
accumulation of soil organic matter. Also, soil contamination vulnerability, 
specially referred to heavy metals, must be considered in selecting appropriate 
application sites.

In general terms, it has been estimated that an annual return of 5 t ha−1 of crop 
residues could keep soils in equilibrium with present levels of soil organic matter 
(Wallace, 1994). In the Mediterranean region, where it is hotter, some more tons per 
ha will be needed. The efficiency of conversion of such carbon to stable soil organic 
matter is not constant and is a function of several variables.

9.5.4 Tillage Intensity

Soil tillage has positive agricultural effects, preparing suitable seedbeds for crops; 
controlling weeds; and incorporating manure, fertilizers, pesticides, and other 
amendments. At the same time, the negative consequences of tillage practices accel-
erate soil erosion and compaction process, by destroying soil organic matter and soil 
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structure. To formulate the tillage type and intensity for each particular soil is 
critical for tackling soil degradation problem in agricultural lands (De la Rosa 
et al., 1999).

In general terms, tillage systems can range from full-width intensive tillage to 
zero tillage (i.e., intensive tillage, reduced tillage, ploughless tillage, minimum till-
age, and no-tillage). The most common intensive tillage system of dry farming 
consists of moldboard ploughing to break the hardened soil surface, and many suc-
cessive disking and harrowing to reduce soil-clod size. Traditional tillage imple-
ments (e.g., plow moldboard or disk cultivator) which cause soil inversion can be 
especially appropriate for high-slope soils due to increase surface roughness 
(>30 mm). Increasing the surface roughness (micro-topography) along the contour 
direction decreases the transport capacity and runoff detachment by reducing the 
flow velocity. During a rainfall event, rough surfaces are eroded at lower rates than 
smooth surfaces under similar conditions. The soil workability status for each soil 
and tillage operation is very related with the produced surface roughness and other 
soil physical properties. The soil workability status (“tempero” in Spanish lan-
guage) is considered as the optimum soil water content where the tillage operation 
has the desired effect of producing the greatest proportion of small aggregates 
(Dexter & Bird, 2001). Beyond this soil water range, soil is too wet or too dry, and 
therefore the tillage operation alters in an adverse way the soil physical properties 
and facilitates soil erosion. By taking into account the water workability limits for 
each soil and tillage operation, it is possible to reduce the effects of soil erosion. 
Soil workability and its influence on soil tillage is widely analyzed by Dexter 
(2004) as an important aspect of his interesting S-theory on soil physical quality. 
Subsoiling, deep ploughing, para-ploughing, and numerous other tillage  implements 
can be used to alleviate the problems created by subsoil compaction.

However, this conventional repeated tillage system accelerates decomposition of 
organic matter thus affecting soil physical, chemical, and biological attributes of 
soil quality (Moreno et al., 2006). Topsoil pulverization by repeated tillage and 
under dry soil conditions has a very negative effect on erosion. Finely pulverized 
soils are usually smooth, seal rapidly, and have low infiltration rates, as might be 
the case for some roto-tilling operations or for repeated cultivations of silt loam 
soils under Mediterranean conditions. The subsoil compaction caused by tillage 
and traffic with increasing weight of agricultural machinery is a problem especially 
severe in heavy-textured and poorly drained soils. Increased soil-bulk density 
reduces air permeability, water infiltration, and sometimes root development. An 
intensive tillage system is clearly inappropriate for most soils and must be avoided 
to minimize soil erosion.

With the no-tillage system or DSPSC (also named conservation agriculture) the 
soil is left undisturbed, including direct sowing and weeds control accomplished 
with herbicides. Although there are several forms of conservation agriculture, nor-
mally it is considered synonymous with no-tillage systems. The DSPSC system is 
gaining popularity among farmers from South America and USA. In 2002, Derpsch 
and Benites (2003) calculated that the total world area covered was 72 million ha, 
with 46% corresponding to South America and 31% to USA. There is overwhelming 
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evidence from several scientific studies that continuous no-tillage in some 
agro- ecosystems is the most effective and practical approach for restoring and 
improving soil quality (Arshad, 1999). With successful conservation agriculture, the 
loss of soil organic matter can be very much reversed. The erosion risk decreases as 
the soil surface is continuously covered, mainly during the rainy season. Conservation 
agriculture, which provides a high level of crop residues, increases the biodiversity 
level—more wildlife and soil fauna. In Mediterranean agro-ecosystems, the best 
results of no-tillage system seem to be obtained on the heaviest clay soils (Gomez et 
al., 1999).

However, the level of success of this agriculture varies with (i) site and climatic 
conditions, (ii) soil type, (iii) crop species, and (iv) growing period length. So, high 
slope gradient (>15%) appears to be a limiting factor to introducing conservation 
agriculture (Martinez-Raya, 2003). With special reference to the Mediterranean 
region, in soils with low water infiltration rate and prone to surface sealing the 
effects of no-tillage can increase runoff generation and erosion problem (Gomez 
et al., 1999). A short growing-period length (GPL < 250 days; e.g., in Scandinavian 
or Mediterranean agro-ecosystems) is considered a barrier to adoption of no-tillage 
system, due to stunted development of the mulching horizon (Arshad, 1999). The 
GPL is one of the major parameters in agro-ecological zoning studies (land-use 
planning). The increased density of the soil just beneath the depth of tillage (subsoil 
compaction) is one of the most striking effects of management system, specially 
plough-less tillage. Because in many cases the mulch cover is not sufficient to sup-
press weed growth, it is needed to use herbicides to control weeds, increasing the 
soil-contamination risk by leaching of agrochemical to groundwater.

In summary, the general trend in soil tillage system would be to (i) reduce tillage 
intensity, (ii) follow the contour for tillage direction, (iii) diversify tillage imple-
ments, (iv) reduce subsoil compaction, and (v) consider optimum soil workability.

9.5.5 Soil Input Rationalization

Over the last four decades, it is evident that chemical applications have revolu-
tionized agriculture. On the positive side, fertilizers and pesticides have increased 
crop production and the amount of organic matter returned to the soil. However, 
soil and water contamination is very high in many places with increased agricul-
tural intensification. Independently of the nutrient needs for crop yield, the appli-
cation of fertilizers usually exceeds the functional capacity of the soil to retain 
and transform such nutrients. In many cases, the saturation of the soil with nitro-
gen and phosphate has led to losses of nitrates into shallow groundwater and satu-
ration of the soil with phosphate, which may also move into the groundwater 
(Zalidis et al., 2002).

The risk of applying manure and urban wastes (basically sewage sludge and 
compost) on agricultural soil must be considered based on three components relevant 
to soil protection: organic matter content, nutrient load, and contaminant load.
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The maximum risk from the extensive use of pesticides is due to leaching and 
drainage of pesticides into the surface- and groundwater. Several soil functions can 
be degraded, including the food web support, the retention and transformation of 
toxicants and nutrients, and soil resilience. The frequent use of herbicides is drasti-
cally changing the methods of crop production, but their impacts on soil quality/
degradation are still not known exactly. The exclusive chemical weed control must 
be identified as an important limiting factor in the adoption of the no-tillage system. 
In this case, the risk of soil contamination by herbicides must be analyzed because, 
ironically, farming practices to remedy eroded soils can increase soil degradation 
by contamination.

9.5.6 Innovative Examples

In the decades ahead, the development of sustainable agricultural systems will 
require great improvements, not just through biotechnology and chemical use but 
also via agro-ecological innovations (Uphoff, 2002). As referred by some authors, 
in the future “a doubly green revolution” will be necessary that reverses environ-
mental deterioration at the same time that it augments the supply of food. This 
section makes reference to a variety of innovative agro-ecological methods, basi-
cally interventions that target biological processes, already used to have a positive 
impact on soil quality and crop production: (i) agroforestry interventions, such as 
the addition of “tithonia” as a green manure; (ii) conservation agriculture with no-
tillage, now evolving into comprehensive soil management strategies; (iii) small 
farm management, by a combination of terracing, windrows, applications of 
manure, water harvesting, etc.; (iv) bio-intensive agriculture, including double-
dug beds, optimal spacing of plants, use of organic nutrients, and other “permac-
ulture” techniques; (v) soil bio-rehabilitation methods, introducing new vegetation 
that supports intensified microbial interactions, rhizobia, mycorrhizal, trichode-
rma, etc., as a kind of microbiological weathering of the soil; (vi) managed fallows 
to fertility recovery, by planting and managing certain plants, for example, 
Crotalaria and Chromaleana, in fallow rotation systems; (vii) green manure and 
cover crops, to restore degraded soils or raise productivity of cropped soils; 
(viii) modification of soil horizons, breaking up lower soil horizons and aerating 
them to a depth of several feet; (ix) composting and vermicomposting, combining 
worm action and composting to change soil organic matter, both in quantity and 
in quality; (x) slash-and-char cultivation, incorporating incompletely burned char-
coal in the soil; (xi) polycropping management, to control plant pests through 
selected mixes of crops; and (xii) biological remediation of pesticides, heavy met-
als, and other contaminants, by microorganisms genetically engineered to break 
down or take up contaminants. Uphoff et al. (2006) presents an interesting “state-
of-practice” review on these biological strategies for a new agriculture. The book 
provides a comprehensive understanding of the science and steps needed to utilize 
soil systems for sustainable agriculture.



9 Soil Quality and Methods for its Assessment 197

9.6 Conclusion

Maintenance and improvement of soil quality is one of the most important prereq-
uisites to achieve the environmental sustainability. In spite of the huge controversy 
(Sojka & Upchurch, 1999), the modern concept of soil quality is a valid and impor-
tant framework in interpreting scientific soil information and predicting sustainable 
soil use and management. However, the process of evaluating soil is not new, and 
agro-ecological land evaluation, developed since the middle of the twentieth cen-
tury (Davidson, 1992), has much to offer in the complex task of soil-quality 
assessment.

Soil-quality indicators are valuable tools and are finding increasing application. 
However, dynamic soil indicators should be measured after estimation of inherent 
soil indicators. An agroecological approach follows two steps: (i) developing long-
term, inherent, specifically physicochemical evaluation, and (ii) short-term, 
dynamic, specifically biological evaluation (De la Rosa, 2005). The focus on bio-
logical approaches must not diminish appreciation of the physical and chemical 
factors, in order to develop a productive integration of the three sets of factors. The 
selected case study points out that soil-quality aspects are inherent and dynamic, 
and that can be measured and explained through land-evaluation modeling and 
simple indicators comparison, respectively. The analyzed DSPSC system can be 
considered a mulch-based management system adapted to the particular condition 
of Ramallo soils in Argentina, although with the major disadvantages of high 
dependence on chemical inputs (mainly herbicides) and limited crop diversification 
because of the need of cereals in the crop rotation.

Modern technologies are providing unprecedented power and flexibility plus the 
possibilities to combine soil-quality information and knowledge in novel and pro-
ductive ways. The agroecological land-evaluation decision support system such as 
MicroLEIS reflects the many advances in these technologies and their possibilities 
for the development and application to soil-quality assessment (De la Rosa et al., 
2004).

Sustainable soil management can maintain and even improve soil quality 
through the use of soil-specific practices, adapted to local soil, terrain, and climatic 
conditions, by using decision or planning support tools. The agro-ecological para-
digm for a new agriculture defended in this chapter needs to be considered 
under two central perspectives: site specificity and time dimension. However, 
several general principles can apply in most situations across international bound-
aries. These basic principles on sustainable agricultural practices focus on the 
positive effects on the soil quality: (i) increased organic matter, (ii) decreased 
 erosion, (iii) better water infiltration, (iv) more water-holding capacity, (v) less 
subsoil compaction, and (vi) less leaching of agro-chemicals to groundwater. To 
achieve these objectives, the following sustainable soil use and management strat-
egies will be developed: (i) arable land identification, (ii) crop diversification, 
(iii) biomass restoration, (iv) appropriate tillage intensity, and (v) soil input 
rationalization.
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In the future, a postmodern agriculture has potential for great improvement, not 
just through biotechnology and the use of chemicals but also via agroecological 
innovations in order to increase the crop production and environmental protection. 
This will depend crucially on soil quality and the methods for its assessment; being 
an area of knowledge generation and practical application where the science is still 
young. It can be anticipated that farmers from different geographical contexts will 
begin to want to apply information technology to support many soil-specific 
 operational aspects of farming in the future, for example, real-time decision support 
systems (Thysen, 2000).
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Chapter 10
The Impact of Urbanization on Soils

Peter J. Marcotullio, Ademola K. Braimoh, and Takashi Onishi

Abstract Cities are important driving forces in environmental trends as a  consequence 
of the increase in the share of the global population that reside in urban areas and 
the large intensity of activities of urban dwellers. As the world continues to urbanize, 
however, humans have lost contact with soil and the services it provides to sustain 
life. A review of the literature shows that the ability of urban  activities to influence the 
physical conditions and pollution levels in soils at a distance is increasing. Cities and 
urban processes have had dramatic but  varying impacts on soil physical and biochem-
ical properties and pollutant loads, all of which affect the life-supporting services of 
soils. As developing countries continue to industrialize, soil pollutant contamination 
in their cities continue to increase to levels warranting immediate action. We argue 
for a global assessment of urban soils to identify the patterns, processes, and unique 
circumstances of anthropogenic impacts. There is also the need for soil protection and 
remediation in areas already undergoing change as a result of urban development.

Keywords Urbanization, cities, urban ecosystems, scales

10.1 Introduction

The growth and urbanization of the global human population over the last 50 years 
has resulted in the rapid increase in total share of global population on the one hand, 
and the unprecedented spatial expansion of a number of cities, on the other. While 
the world’s megacities (i.e., those estimated to contain more than 10 million inhab-
itants) offer striking examples of the environmental challenges that accompany 
urbanization, environmental degradation has not been avoided by cities of any size 
(Hardoy et al., 2001). Indeed, the impact of urban activities of cities of all sizes on 
local, regional, and global-scale environmental trends is increasing (McGranahan 
et al., 2005).

Two important reasons why cities are becoming driving forces in environmental 
trends is the increasing share of the global population that reside in urban areas and 
the increased intensity of activities that these populations bring to cities. The world 
recently hit a level of 50% urbanization and the United Nations (UN, 2006) predicts 
that the share of urban population will increase to 60% over the next 30 years. 
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Accompanying this shift in residence is the shift in location of productive and 
consumptive activities, waste products emanating from these and associated risks. 
International organizations, such as the World Bank, consider cities to be the engines 
of growth, particularly in the era of global flows of trade, finance, investments, peo-
ple, and information. Common wisdom suggests that cities are and will continue to 
be the places where most human activities and their impacts are generated.

The roles played by cities in the generation of environmental impacts, including 
the perturbation of global biosphere and geochemical cycles are therefore drawing 
increasing attention. One area of particular importance is the impact of urban 
growth on environmental resources (air, water, soils, and biodiversity). Of these, 
soils have received increasing attention. As late as the mid-1980s, Spirn (1984) 
pointed out that one of the most misunderstood and least researched and docu-
mented aspects of the urban environment was soil. Certainly, studies of the physical 
characteristics of urban soils were undertaken prior to the 1980s. Some of the first 
systematic studies of soils in large cities began during the late 1970s (Craul, 1985). 
Studies of the impacts of urbanization on regional landscapes began even much 
earlier. The impact of urbanization on agricultural land became an academic con-
cern during the 1950s (Bogue, 1956). Furthermore, a large number of studies of 
trace element concentrations and fluxes had been performed on urban street dust 
and urban soils, starting in the 1960s (Purves & Mackenzie, 1969; Purves, 1972). 
Nevertheless, since the 1980s, studies of urban soils have broadened and multi-
plied. By the late 1980s, Gilbert (1989) was able to put together a comprehensive 
study of the impact of cities on various environmental resources, and included an 
entire chapter on soils. By the early 1990s, entire volumes were being devoted to 
urban soils (see, e.g., Bullock & Gregory, 1991; Craul, 1992). Thereafter the liter-
ature on urbanization and its impact on soils expanded significantly. This chapter 
focuses on the literature related to changes in soils and urbanization. The idea is 
to take stock of the knowledge generated and summarize some of the consensus.

We have organized the review in the following sections. Section 10.2 presents 
our way of organizing the impact of urbanization-related changes on soils. This 
includes an introduction to the current scale of urbanization and the need for a 
multiscale perspective on how urban activities affect soils. Section 10.3 reviews the 
impacts of urbanization on the physical characteristics of soils. Section 10.4 
reviews the literature on soil pollution. Finally Section 10.5 summarizes and con-
cludes. The review is a first step in attempting to draw together an increasingly 
growing literature on the impact of urbanization on soils.

10.2 Framework for Understanding the Impact 
of Urbanization on Soils

This section briefly outlines the background and framework for the review. In 
the first part (Section 10.2.1), we review postwar urban population growth and the 
growth in the general size of cities as well as the regional distribution of both urban 
populations and the number of cities. In Section 10.2.2 we describe the potential 
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impacts of urbanization and of city growth on soils. In Section 10.2.3 we present 
the framework for exploring the impacts of these dramatic changes.

10.2.1 The Scale of Contemporary Urbanization

Despite the fact that cities emerged some 8,000 years ago, it was only very recently 
that most of the world’s population have resided in dense settlements. In 1800, for 
example, only 2% of the world’s population resided in urban areas (Torrey, 2004). 
No society during that time could be described as predominately urbanized. By 
1900, the global share grew to approximately 14% of the world’s population 
(Douglas, 1994) and only one nation, the UK, was considered an urban society. 
Previous to the UK, cities in the Netherlands grew in importance but the country 
remained less than 40% urbanized (Berry, 1990). During the late nineteenth and 
early twentieth centuries, much of the developed world experienced rapid urbaniza-
tion. The USA, for example, became 50% urbanized during the 1920s. It was after 
1950 that the bulk of the world’s population began a rapid shift from rural to urban 
settlements.

The postwar urban migration has been massive, intensive, and largely centered 
in developing countries. As Table 10.1 demonstrates, from 1950 to 2000 more than 
2 billion people have moved into the world’s cities, bringing the proportion of urban 
population up from about 30% to more than 47%. Approximately 78% of this 
change occurred in less developed countries. National urbanization patterns typi-
cally follow an attenuated “s-shaped” curve (Davis, 1965), meaning that once the 
process begins it rapidly accelerates and then slows down at approximately 60–70% 
urbanization levels. The urbanization curve for the world demonstrates that global 
urbanization is in the middle of the rapid growth period. With approximately half 
the world’s population currently living in dense human settlements, the next 30 
years will bring greater changes than previously experienced. For example, approx-
imately 4.9 billion of the total 8.1 billion inhabitants of the Earth will end up in cit-
ies by 2030, an additional 2 billion people (representing an increase of approximately 
72%) from those of today. This will increase the world’s urbanization level to 
approximately 60%.

Postwar urbanization is different from previous trends. Over the last 50 years 
global urbanization has occurred at some of the fastest rates in history. In the 
1950s, the world annual 5-year average increase was approximately 1.2% 
 annually, but this figure masks the high speed of change in some countries. For 
example, some countries in Africa were reaching urbanization-level increases of 
over 10% (including Botswana, Lesotho, and Swaziland),1 while those in Asia 

1 For many countries in Africa, census data are not available for several decades and therefore 
these increases are subject to debate (see, e.g., Satterthwaite 2005). These estimates for changes 
in urbanization levels are from UN (1999) data.
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exceeded 2–3% annually (including North Korea, Afghanistan, Iran, Nepal, and 
others). The growth of the share of urbanized population in developing and least 
developed countries demonstrates a faster urban transition than experienced by 
the developed world.

Another important difference between contemporary urbanization and historical 
patterns is the absolute size of populations entering cities. As Table 10.1 demon-
strates, from 1950 to 2000 the developing world urban population expanded by 1.6 
billion. In 1950, the total world population stood at only 2.5 billion.

A third feature of current urbanization is the rise of large urban agglomerations. 
The total number of large cities (i.e., those greater than 1 million) climbed from 85 
in 1950 to 405 in 2000. The largest percent increase among the different sizes of 
cities was the “megacities” category (i.e., those equal to or greater than 10 million 
inhabitants). According to the UN (1999), there was one megacity in 1950, but this 
number increased to 19 by 2000. Of the 19 megacities in the contemporary world, 
11 (i.e., 58%) are located in Asia, and most in developing Asia.2

2 Historically large cities have been associated with large economies. For example, before 1820 the 
currently developing world accounted for 80% of world GDP and with that the location of the 
majority of large cities (Chandler 1987; Maddison 2001). It was only during the industrial revolu-
tion and the growth of western economies when large cities blossomed in these parts of the world. 
As the developing economies grow economically, they cities are retaking their place amongst the 
global hierarchy.

Table 10.1 Global Urbanization, 1950–2000 (thousands). (Adapted from McGranahan et al., 
2005)

   Absolute change Percent change

 1950 2000 1950–2000 1950–2000

World Population 2,521,495 6,055,049 3,533,554 140.1
More developed regions 812,687 1,187,980 375,293 46.2
Less developed regions 1,708,808 4,867,069 3,158,261 184.8
Least developed countries 196,764 644,677 447,913 227.6
World Urban Population 749,934 2,845,049 2,095,115 279.4
More developed regions 446,138 902,993 456,855 102.4
Less developed regions 303,795 1,942,056 1,638,261 539.3
Least developed countries 14,002 167,421 153,419 1,095.7
Percent Urban 29.7 47.0 17 58.0
More developed regions 54.9 76.0 21 38.5
Less developed regions 17.8 39.9 22 124.4
Least developed countries 32.5 47.5 15 46.0
Urban Growth Rates 3.01 2.03 — —
More developed regions 2.32 0.50 — —
Less developed regions 3.97 2.70 — —
Least developed countries 4.56 4.49 — —
Urbanization Rates 1.23 0.83 — —
More developed regions 1.11 0.30 — —
Less developed regions 1.93 1.26 — —
Least developed countries 2.66 2.13 — —
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The number of large cities will continue to increase in the medium term. The UN 
predicts that by 2015, the number of megacities will increase to 23. In the next 15 
years, however, it is the middle-size large cities (i.e., those from 5 to 10 million 
inhabitants) that will gain the largest numbers and increase in relative size. It is 
interesting to note that while the proportion of the urban population is expected to 
dramatically rise, the proportion of those living in megacities will not. Large cities 
are growing more slowly than others. The UN projects that of the total urban popula-
tion, the megacities will continue to maintain a share of approximately 12% in 2030, 
a fraction slightly higher than that of 2000. Most of the urban population (approxi-
mately 60%) will continue to live in cities with less than 1 million inhabitants.

Urbanization, as land cover, in the form of built-up or paved-over areas, occu-
pies less than 3% of the earth’s land surface (McGranahan et al., 2005).3 Urban land 
uses have also been concentrated in specific ecosystems. Table 10.2 shows the pro-
portion of urban population, densities, and land uses within various ecosystems 
around the world (see McGranahan et al., 2005). The table demonstrates the uneven 
distribution of cities by ecosystem (as the ecosystem types are not mutually exclu-
sive, the data present only general conclusions). The largest share of the urban 
population (68%) lives in cultivated ecosystems.4 This is not surprising as culti-
vated systems accounted for 24% of the Earth’s terrestrial surface. The next largest 
share of the global urban population (34%) lives in drylands. The third highest pro-
portion of the urban population lives in coastal zone and inland waters ecosystems 
(together they account for 54% of the total urban population). Of particular note is 
the high densities found in coastal systems, along with the large proportion of the 
system given over to urban use (10.8%).

The urban populations within each of these ecosystems can be grouped together 
by different-size cities (Table 10.3). Coastal zone urban areas have the highest per-
centage of the world’s large cities. Over 65% of the urban population residing in 
cities within coastal ecosystem lives in cities larger than 1 million persons. In cities 
located in cultivated and dryland ecosystems, most people live in cities of between 
5,000 and 1 million inhabitants (53% and 57%, respectively). Given the distribution 
of the world’s urban population between developed and developing, and between 
different types of ecosystems, we would expect differential impacts on soils.

10.2.2 The Impact of Urbanization on Soils

Soil is the productive layer of the earth’s surface. It evolves with the biotic commu-
nity based upon climatic conditions, local biota, topography, parent material, and 

3 Interestingly, Doxiadis and Papaioannou (1974) predicted that the world’s urban land cover 
would reach 2,770,408,000,000,000 m2 (343 times the size of megalopolis) and approximately 2% 
of the Earth’s land surface.
4 Cultivated ecosystems are defined by those areas where at least 30% are under agricultural 
production.
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time. Soil is a natural system with structure and specialized features (Rozanov 
et al., 1990). Because soils are productive, they are crucial to life on earth. This is 
well understood by farmers and those that work closely with soil. As the world 
is increasingly urbanized, however, people have lost contact with soil and with that 
they have lost an appreciation of how important soils are to their everyday lives. 
This tendency is ironically counterpoised against increased dependency urban 
populations have on soils for food, for waste recycling, and as carbon sinks among 
other functions.

The question arises as to how to assess the impacts of living in cities on soils. In 
order to understand these impacts, we first need to understand the basic role of soils 
in our ecosystems. Brady and Weil (2002) describe five functions of soils including: 
supporting the growth of higher plants, controlling water within the hydrologic 
system, mediating nutrient cycles, providing habitat for living organisms, and serv-
ing as an engineering medium. From these functions it is then possible to identify 
how urbanization might impact soils.5 First, soils have a physical structure, temper-
ature, and pH that help to provide support for higher plants. Second, soils control 
the cycling of essential nutrients and micronutrients, water movement, and they 
also act as a sink for wastes of all sorts. Finally, soils support biodiversity. These 
three characteristics therefore, can serve as a basis for an assessment of changes in 
soil; namely an impact assessment should identify the changes in physical  structure, 
soil-related biochemistry, and/or soil biodiversity.

Identifying the focus of impact is not enough to undertake the review, however. 
Soils cover most terrestrial ecosystems, and we therefore need to target the loca-
tions impacted by urban activities. Many previous studies examined the soils within 
urban borders. These studies restricted their perspective of the impacts of urbaniza-
tion understandably, but artificially to the local scale. Cities and urbanization proc-
esses, however, affect soils both directly and indirectly outside city boundaries.

Increasingly, urban activities are seen to impact larger scales. Scale, in this sense 
translates into geographic extent or temporal duration of the process. Scale is often 
referred to as local, regional, or global. Local scale refers to particular phenomena, 
processes, or activities that are most evident at household, neighborhood, or com-
munity level. For example, in environmental terms, indoor air pollution and its 
impact is a local phenomenon because it is best observed and measured at that level. 
While indoor air pollution statistics may be aggregated at the global level, under-
standing the processes that created it, its uneven distribution, and its impacts on 
human health are less obvious at regional or global scale. Alternatively, the environ-
mental impact of carbon dioxide emissions is often referred to as a global-scale 
issue. This is because total global amounts of this gas have systemic impacts on the 
Earth’s climate. Observing and measuring changes in this emission and its impacts 
are best performed at this scale, although there are also important regional and local 
impacts.

5 These were similar but not exactly alike to the general categories of Oldeman, et al.’s (1991) 
study including chemical change, erosion, salinization, compaction, and pollution, which are used 
to evaluate the present status of the world’s soil resources as affected by human impact.
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Urban development and economic growth have been associated with the 
 changing scale of impacts (McGranahan et al., 2001). That is, cities’ transition from 
one set of environmental challenges (including impacts) to another as they grow in 
wealth. This theory, entitled, urban transition theory, is powerful in its ability to 
disaggregate the types and dominance of environmental conditions associated with 
cities at different levels of income and how these conditions change in terms of their 
type, geographical, and temporal extent. The theory identifies three important 
scales of analysis—local, citywide (or regional), and global. In this review, we 
consider these three different scales of urbanization’s impact on soils.

10.2.3 Assessment of Soil Impact by Type and Scale

Scientific studies of soils vary in terms of both subject and methodologies. 
Moreover, not all knowledge of the impact of urbanization on soils can be gleaned 
from studies performed specifically on urban soils. At least two challenges emerge 
for a scaled analysis of urbanization’s impacts on soils. First, a global assessment 
of urban soils is not available. Researchers attempting to generalize findings to a 
global level, therefore, must either overlook differences between soil environments 
within and between development contexts or identify nonsoil indicators that reflect 
impacts (such as percent of impervious surfaces). Second, larger-scale perspectives 
of urbanization’s impact on the environment present challenges in terms of identi-
fying linkages between activities and environmental outcomes. Nevertheless, stud-
ies exist that attempt to do both. Below we describe the types of studies reviewed 
at each scale.

10.2.3.1 Studies Identifying the Impacts of Urbanization at the Local Scale

Urbanized land is not completely paved nor is it uniform. In the USA, larger resi-
dential properties (> 4,000m2) have less impervious coverage (20%) while smaller 
residential properties (500m2) can have up to 65% sealed surfaces. Industrial, com-
mercial, and shopping centers (strip-type commercial development) are mostly 
impervious (75%, 85%, and 95% paved surfaces, respectively) (US Natural 
Resources Conservation Service 1986). Globally, Grubler (1994) suggests that 
built-up areas (land for building and infrastructure) within cities typically range 
between 200 and 250 m2 per capita. Even in dense countries, such as Japan and the 
Netherlands, he estimates that built-up land is approximately 11% and 4% of total 
land area, respectively. Areas within cities with open soils have been studied by 
Rowntree (1984), who found that in the USA, four cities demonstrated tree-canopy 
cover between 24% and 37% of total area. Suburbs accounted for 46% of total 
urban areas and here on average 14% were vacant lands. Sanders and Stevens 
(1984) found that within Dayton, Ohio, approximately 50% of land use had canopy 
cover, and 2 km2 were open soil. Urban tree cover in the USA ranges from 0.4% in 



210 P.J. Marcotullio et al. 

Lancaster, California, to 55% in Baton Rouge, Louisiana (Nowak et al., 1996). 
Paris, one of Europe’s greenest cities, has approximately 450 parks and gardens 
covering more than 3,000 ha accounting for almost 30% of the city’s surface 
(Ackerman, 2006). Within Vienna only 33% of land is for offices and public build-
ings and infrastructure (Grubler, 1994). Sealed soils in all urban Germany include 
52% of the built-up areas (European Environment Agency, 2006). Jim (2003) esti-
mated that urban development in Hong Kong is concentrated on 20% of the land, 
leaving the rest as rural hinterland. These differences represent possible differential 
impacts of urbanization processes upon soils within cities. Therefore the most reli-
able studies of the local impact of urbanization on soils have been performed within 
individual parts of cities (roadsides, parks, industrial areas, etc.). Caution must be 
taken when attempting to generalize these findings for entire city areas.

The study of soils within cities has followed two major perspectives. The first 
perspective is temporal, involving direct observations and assessment of changes in 
soil quality over time or at a specific moment (see, e.g., Francek, 1992; Gbadegesin 
& Olabode, 2000; Manta et al., 2002; Ordonez et al., 2003). The second perspective 
is spatial, including urban–rural gradient analyses (see, e.g., McDonnell et al., 
1997). Typically soil samples are collected along transects defined from the center 
of an urban area to the periphery, analyzed for biological, chemical, and physical 
properties, and correlated with the degree of urbanization. As urbanization occurs 
over time and results in a complex set of effects, gradients, by substituting space for 
time, allow for a view of what happens to soils during city growth. Those samples 
from rural areas are expected to have the least impact from urbanization while 
samples within the central city experience the greatest impact.

Two sets of limits of generalizations from these perspectives exist. The first set 
concerns the studies within individual cities or parts of cities. Here, direct analysis 
of soils within parts of different cities often uses different methods of data collec-
tion and laboratory analyses, making cross-city comparisons difficult. Furthermore, 
soils within and between cities may vary, again making comparisons difficult. The 
second set of limitations concern the urban–rural gradient analyses. In these cases, 
other factors, such as prevailing wind direction may play an important role in the 
quality of soils. A single transect from the center of a city to rural areas may miss 
the impact of winds carrying pollutants from the center, for example. Also, as with 
the caveat to direct observation studies, soils along the urban–rural gradient may 
intrinsically differ significantly.6 This would make comparisons between urban and 

6 Niemela et al. (2002) argue differently. They suggest that the gradient occurs all over the world 
and provides a useful framework for comparative work on a global scale. Gradients, in their argu-
ment represent anthropogenic patterns and processes. While this may be true, anthropocentric 
impacts vary from city to city as do natural factors (climate, hydrology, soils, etc.). Both combine 
to create the state of the urban environment. As a result comparing, for example, the development 
(both socioeconomically and biophysically) of Baltimore, MD, with that of Phoenix, AZ, becomes 
difficult. The Niemela et al. (2002) study found weak and varied responses of biodiversity to 
urban–rural gradients across cities and indeed concluded that local factors and their interactions 
were of primary importance to community composition.
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rural soils at best difficult, or at worst meaningless. Nevertheless, direct observation 
and urban–rural gradient studies provide data on the state of the environment within 
cities as well as on the changes to soils with growing urbanization.

10.2.3.2 Studies Identifying the Impacts of Urbanization on Soils 
at the Citywide and Regional Scale

Studies on the citywide impacts of urbanization on soils also fall into two catego-
ries. The first type of study includes material and energy flow accounting studies. 
Material flows accounting (MFA):

tracks the amounts of materials—as classes or individual substances—that enter the econ-
omy, accumulate in capital stock such as housing and automobiles, or exit to the environ-
ment as waste. MFA documents the commercial life cycle of materials that become part of 
the industrial economy, from extraction, processing, and manufacturing to use, reuse, recy-
cling or disposal. (Wernick & Irwin, 2005, p. 1)

MFA analyses not only provide data and indicators of interest to this study, but also 
provide a way to understand urbanization’s impacts on soils.

These studies can be used to estimate the magnitude of different materials that 
remain in cities (inflows minus outflows) (Decker et al., 2000). In this context, MFA 
studies have an added advantage of identifying the context (i.e., socioeconomic 
activities) under which change occurs. For example, material and energy flows into 
building construction demonstrate the enormous amount and types of materials that 
are needed to build these structures. They strongly suggest the pathways for the con-
centrations of these materials both pre- and postconstruction, leading to an under-
standing of how and why soils within cities develop as they do. Impacts occur through 
socioeconomic activities of transforming and transferring goods, energy, and services 
(Douglas, 1981). Decker et al. (2000) provided a review of studies that examined cit-
ies in this light. They classified material flows into inputs (stored, transformed, and 
passive) and outputs (atmospheric and aquatic and marine). Stored inputs become 
part of the built environment, such as stone, wood, and metals, or are used until they 
become waste products “stored” in landfills through both active and passive proc-
esses. Transformed materials include water, food, and fuel, which undergo change 
from one form to another before they are exported from the urban system as output 
wastes. Passive inputs include precipitation, water surface flows, gas and airborne 
particle movements, energy from solar radiation, and movements of plants and ani-
mals. All these processes impact the quality of soil both within and outside the city 
boundaries. While national material flow studies began during the 1960s when soci-
etal concerns focused on pollution of environmental resources by humans, recent 
studies have been performed on individual cities including New York (Wolman, 
1965), Hong Kong (Newcombe et al., 1978), and Singapore (Schulz, 2005).

The second set of studies that can be used to assess the impact of urbanization on 
soils include those that examine urban-scale land-use and land-cover change. Changes 
in the area of urban land per se, currently do not appear to be central to land-cover 
change. Concluding, however, that the small area of land actually  covered by 
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 structures of settlements converts into a small impact on the environment, however, 
would be a mistake. Douglas (1994), for example, concluded that the importance of 
human settlements in environmental change is related less to the area covered with 
buildings and other structures, than to the role of settlements and settlement-related 
activities in promoting land-cover change generally, and the varying rates of conver-
sion of land to urban and rural settlement uses. Therefore, in understanding the role 
of cities in environmental change, we need to look further than the amount of land 
covered by cities, although in some cases this can be  significant as well.

Moreover, cities grow outwardly at rapid rates. In 1777, when Dr. Johnson 
remarked that the man who was tired of London was tired of life, open country was 
3 km from the center of town and the town probably housed 750,000 inhabitants. 
Twentieth-century Greater London, at its height, held over eight-and-a-half million 
people and covered about 1,600 km2. Its built-up area in parts was up to 48 km 
across. The expansion of New York and Paris are presented in Fig. 10.1. The data 
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demonstrate the large increase in size of these urban areas over time and the 
decrease in population density after the turn of the nineteenth century.

Contemporary developing world cities are both different from those of the developing 
world and also grow at different rates. Studies comparing urban development demonstrate 
different patterns between developing and developed countries (Huang et al., 2006). 
Latin American urban form studies demonstrate the compactness and density of cities 
related to the influence of European colonial planning. Studies of Asian cities show 
that they are also compact and dense, with a dominant large core area, although there 
is wide variation. In Korea, for example, controls on exurban land use have had similar 
effect as those in Japan (Yokohari et al., 2000). Moreover, in rapidly developing 
Chinese cities, increases in urban land use have been significant over the last few 
decades. For example, in over a 20-year period, from 1978 to 2002, Chengdu almost 
tripled in size from 81 km2 to nearly 220 km2 (Schneider et al., 2003).7

Underpinning these analyses is the perspective that cities are different and new 
types of ecosystems. They have, for example, particular climatic characteristics and 
different topographies, created by human-made structures, which in turn have 
diverse ecological effects (Gill & Bonnett, 1973). This viewpoint also considers cit-
ies to be made up of a patchwork of ecologically heterogeneous systems. Landscape 
ecology addresses hierarchical patch dynamics associated with fundamental units of 
landscapes and their interaction at different scales. A fundamental assumption in the 
field is that spatial patterns have influence over the flows of  material, energy, and 
information through ecosystems and that these flows and the processes that create 
them impact spatial patterns (Wu & Hobbs, 2002). Understanding landscape struc-
tures and how they impact various environmental media, therefore is one of the “Top 
10” landscape ecology research priorities (Wu & Hobbs, 2002).

Land-use and land-cover change as well as landscape ecology studies require the 
mapping of landscapes, identifying and quantifying flows of materials, and associating 
these with soils. Geographic information systems (GIS) and remote sensing are impor-
tant tools for identifying patches and for linking spatial data with nonspatial data, bridg-
ing scales, and identifying areas of change and degradation (Li et al., 2004). Specifically 
for soils, Braimoh et al. (2005), use GIS to identify associations among soil variables 
that were impacted by different land uses. These types of studies demonstrate the 
importance of including mapping analyses in urban soil research at this scale.

10.2.3.3 Studies Identifying the Impacts of Urbanization at the Global Scale

Regional- and-global scale analyses do not directly relate the impacts of urbanization 
to environmental conditions, but rather estimate impacts through modeling. There are 
at least two types of modeling used for these types of studies. The first include 

7 The authors of this report state that smaller cities around Chengdu increased their land sizes at 
even faster rates.
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 scientific studies designed to identify how much “nature” humans need in order to 
survive in our current manner. These can be further subdivided into, at least, two 
types: the measures of human appropriation of net primary production, and measures 
of a population’s Ecological Footprint (EF) (Wackernagel & Rees, 1996).8

The EF is “the area of biologically productive land and water required to pro-
duce the resources consumed and to assimilate the wastes generated by that popula-
tion using prevailing technology” (Wackernagel & Rees, 1996). The concept turns 
the need to identify “carrying capacity” of a human system on its ear by providing 
a method for estimating the biologically productive area necessary to support cur-
rent consumption and waste patterns. One can think of the EF as being the sum up 
of specific real locations, and the “distant elsewheres” that support us (Rees, 2002). 
Hence, when we address the impacts of urbanization, we must look to wider areas 
than those within the city’s boundaries (Rees, 1992; Wackernagel & Rees, 1996). 
In order to demonstrate this outcome, the EF uses spatial units that are mutually 
exclusive from all others. Thus, the concept suggests that, “people are competing 
for ecological space”. For most industrial regions, the ecological footprint is com-
posed of several different land uses, resources, and ecosystem services, including 
crop and pasture land; built-up land; forest; fish and carbon assimilation. The foot-
prints of these regions exceed the capacity available locally. This leads to that popu-
lation’s appropriation of ecosystem goods and services from that of the global 
system. In fact, recent work indicates that the total global ecological deficit is rising 
and that it now takes the global biosphere 1.2 years to regenerate what humans use 
in 1 year (Wackernagel et al., 2002).

Studies of the appropriation of nature have also demonstrated the large resource 
consumption (and hence impact) of cities. Economically powerful urban consumers 
arguably have impacts on environments distant from cities. Savage (2006), for 
example, argues that the growing number of wealthy people in Asia that can pay 
high prices for goods, create incentives to capture some marine species (even those 
endangered) with techniques that destroy wider systems (i.e., cyanide bombs within 
coral ecosystems).

Other studies have attempted to empirically estimate the impact of cities on wider 
ecosystems. Inhabitants within urban areas of the Baltic Sea drainage, for example, 
depend on forest, agriculture, wetland, lake, and marine systems that constitute an 
area about 1,000 times larger than that of the urban area proper (Folke et al., 1997). 
In terms of the impacts on soils, for example, it is possible to associate the impact of 
urban consumption levels on tropical soils to deforestation and erosion. A recent 
study, of tropical hardwoods consumption in the state of Sao Paulo demonstrates that 
one in every five trees in the Amazon makes its way to the city. Braimoh (2004) indi-
cates that woodcutting for charcoal production and the associated impact on soils in 
semirural Northern Ghana is largely driven by the energy demand in Tamale city, the 
northern regional capital.

The other side of consumption is waste production. There are also models that 
identify the impact of urban emissions on distant soils. For example, Chameides 

8 For a comparison of these two types see Haberl et al. (2004).



10 The Impact of Urbanization on Soils 215

et  al. (1994, 1999) identified the impact of ozone emissions from “continental-scale 
metro-agro-plexes” (CSMAPs) on soils and therefore agricultural production.

The second set of studies that identifies the global impacts of cities on soils 
includes land-use and land-cover change at the global scales. Several recent global 
mapping projects provide basic global spatial data for these studies. They help to 
identify the location of cities within specific ecosystems, for example, agricultural 
and coastal zones.

10.3 Urbanization’s Impacts on Physical Properties of Soils

Human activity within cities changes the physical character of soils. Material inputs 
into cities have exceeded output for several years. This has meant several things, 
including the general rise of ground level in older districts as well as the infill of 
waterways, streams, and valleys in other parts of the city. With the constant changes 
and additions made to the urban ecosystem, it is no surprise that soils located within 
urban areas are unique.

The physical characteristics of soils include texture (particle size), bulk density, 
structure (shape of peds), plasticity, permeability, porosity, temperature, and mois-
ture content. Craul (1985) was perhaps the first to systematically study the changes 
in soils within cities. Much work thereafter has been based upon his initial observa-
tions. This part of the review starts with some of the observations made by Craul 
(1985, 1992) and his successors. Work to date suggests that the distinction between 
urban soils and those more “natural” soils is so great that soil scientists have classi-
fied them differently.

At the regional level, urbanization has been associated with the advance of 
 impervious surfaces that have sealed soil from the atmosphere and taken significant 
amounts of land from agricultural production. These changes have led to shifts in the 
hydrological cycle, as infiltration capacity is reduced, changing river and stream flow 
and sedimentation levels. Moreover, development in peri-urban areas has been associ-
ated with massive gully erosion. On the other hand, in developing countries access to 
markets (meaning the growth of towns and cities) can have an effect on soil quality, 
as farmers then can buy fertilizers and soil supplements. At the national and global 
level, urbanization and the accompanying changes in consumption patterns play a 
role in nutrient depletion of rural soils and accelerated erosion due to the expansion 
of urban areas. On the other hand, in some cases, rural–urban migration (particularly 
in developing countries) leads to land abandonment and forest regeneration.

10.3.1 Local-Scale Impacts of Urbanization on Soils

Craul (1985, 1992) and Gilbert (1989) summarized differences in the physical 
properties of urban and nonurban soils. They suggested that urban soils were 
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 characterized by reduced soil structure, compaction, surface crusting, restricted 
aeration and drainage, and modified pH and temperature regimes (Green & 
Oleksyszyn, 2002). Table 10.4 summarizes each of these effects, their causes, and 
resulting problems. A detailed discussion is provided below.

10.3.1.1 Heterogeneous Soil Structure

One of the end products of the natural process of soil formation is the development 
of soil structure; the qualitative description of peds, pores, and crack geometry; and 
spacing within soils (Bullock and Gregory, 1991). The process of aggregating pri-
mary particles into peds results in a net increase in bulk soil volume and the associ-
ated lightening of the soil (a decrease in bulk density) through the creation of a 
greater proportion of macro-pore space.

Contrary to natural and slightly modified soils, urban soils often display a suc-
cession of layers that are not always parallel to the soil surface. Urban soil profile 
typically displays marked variability comprising broken horizons in the vertical 
plane. In many profiles, horizons gradually grade from one to the next and differ-
entiation between horizons is sometimes difficult. Urban soils can also change 
abruptly at one or more levels within the profile. Craul (1992) demonstrates several 
examples of urban soil profiles exhibiting such lithologic discontinuities. Spatial 
variability can be just as complex as vertical variability, drastically impacting the 
rooting environment (Gilbert, 1989). This is due in large part to the rapid  transformations 

Table 10.4 General differences between urban and more natural soils (Adapted from Craul 
(1992))

Characteristics of urban soils in 
comparison with natural soils Causes Resulting problems

Harsh boundaries between soil 
layers

Artificial origins produce 
layering of different 
materials

Lack of continuity for tooting 
plants and burrowing soil 
animals

Compaction Trampling and pressure from 
vehicles, etc.

Reduced water passage and 
lack of air spaces. Plants 
produce shallow roots

Low water drainage Diversion of runoff to drains, 
and interruption of natural 
flow through soils

Reduced water availability for 
plants

Crusting and water repellency Compaction, chemical disper-
sion, and creation of waxy 
soil surface

Barriers to gaseous and water 
exchange between soil and 
atmosphere

High pH Effects of de-icing salts and 
water running over cal-
careous building materials 
(e.g., concrete)

Problematic if highly alkaline, 
because some nutrients 
(e.g., phosphates) are 
immobilized

High soil temperatures and 
moisture regimes

Higher ambient air tempera-
tures and little buffering 
effect of vegetation

Reduce moisture in upper 
layers for plants growth
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of materials from one form to another within the urban environment at much faster 
rates than those experienced in natural soil-forming processes. Urban activities 
employ modern machinery such as tractors and bulldozers, which within days can 
completely change an entire landscape. The digging required for new buildings, 
leveling and preparing land for new uses, disposal of rubbish and debris, or applica-
tion of topsoil for landscaping, hinders the development of a relationship between 
the urban soil and its parent material. On some derelict sites within older parts of 
cities, Tower Hamlets in London for example, there is little natural soil remaining 
and the surface of the ground is covered with demolition debris from buildings pre-
viously occupying the site (Bullock and Gregory, 1991).

Under these conditions, urban climate and local fauna also have little to do with 
soil formation. In order for scientists to reconstruct the history of the soils in cities, 
efforts require collaboration amongst soil scientists, historians, and archaeologists 
(De Kimpe & Morel, 2000). Studies in Bangkok, a postwar, rapidly expanding city 
suggest that soils laying along a north–south corridor running from suburbs to 
industrial zones (though the city center) can be between 2 and more than 30 years 
old (Wilcke et al., 1998).

In other sites, the urbanization process increases the spatial heterogeneity of the 
soil-scape by creating recently altered or modified soils in close proximity to older, 
naturally occurring soil bodies (Craul, 1992). Short et al. (1986a) noted that while 
soils in the Mall in Washington, DC, were fill deposited in repeated applications, 
B horizons were recognized in 26% of samples of a Mall in Washington, DC, while 
A horizons were found buried in 42% of the profiles. Moreover, they found mean 
organic matter content increases from the surface to the sixth horizon  hypothetically 
related to the presence of buried A horizons and of fill material containing variable 
amounts of organic matter. High organic matter in subsoils were also found in 
Stuttgart, Germany (Lorenz & Kandeler, 2005). Microbial biomass contained 
0.12 g C kg−1, and 0.05 g N kg−1 at 1.7–1.9 m depth, which in some samples was 
higher than in layers closer to the soil surface.

Scheuss et al. (1998) found young soils in urban areas of northern Germany, 
which demonstrated strong spatial heterogeneity. The soils often contained large 
amounts of coarse material and macro-pores (> 60 mm diameter). Most of the study 
area included soils that developed from a mixture of garbage and rubble with sandy 
materials. Jim (1998a), in 80 roadside soil pits observed sharp boundaries between 
layers, filled by decomposed granite contaminated by construction rubble. Gilbert 
(1989) found brick rubble sites in inner Liverpool and Belfast which contain texture 
as good as topsoil. There is a large proportion of the sand-sized fraction (0.02–
2.0 mm diameter). Rubble soils are also dominated by the coarser fraction of sub-
strates (gravel, cobbles, and stones). In this case, the profiles revealed very little 
organic matter.

The heterogeneity of urban soils can be also very large within any one layer 
(De Kimpe and Moral, 2000). In Ibadan, Nigeria, the mean level of the depth of 
disturbance is about 15 times that of the rural soils (Gbadegesin & Olabode, 2000). 
Given these characteristics, understanding the development of urban soils requires 
reconstructing the history of building and land-use patterns within the area.



218 P.J. Marcotullio et al. 

Finally, cities located on coastal areas have partially developed on fill. 
Approximately 81% of Washington, DC, area is disturbed land, 14% of which is 
classified as fill (Craul, 1992). Coastal landfill can be made from previous waste 
disposal sites, construction-material waste, soils taken from development of other 
areas in the city, or fresh soils from outside the city. Many coastal cities in the rapidly 
developing world engage in harbor and coastal in-filling (Lo & Marcotullio, 2000)

10.3.1.2 Compaction

Compaction is the process of reduction of the specific volume (or porosity) of a 
soil. Soil compaction inhibits drainage, aeration, and root growth and thus has 
received attention in the agricultural literature (Bullock & Gregory, 1991). 
Compacted soil often behaves like impervious surfaces, concrete, or asphalt. Good 
agricultural soil has about 50% pore space. When a soil is compacted so that it has 
less than 25% pore space, typical of urban soils, it becomes a poor medium for 
supporting plant growth.

Forces acting in opposition to compaction are frost heave and the effects of soil 
fauna. Compaction can also be prevented through management (e.g., plowing). In 
urban areas, however, typical conditions tend to destroy structure and increase bulk 
density. Craul (1992) identified six conditions within urban areas that promote 
compaction including:

1. Urban soils demonstrate, at least, partial destruction of their structure and hori-
zon arrangement within the profile, enhancing compaction. Conversely, the 
absence of periodic tillage helps facilitate compaction.

2. Urban soils have low organic matter, which is an aggregating, structure-forming 
agent.

3. Urban soils with low organic matter have limited soil organism populations 
which promote soil structure and increase soil porosity.

4. Elevated urban temperatures reduce the frequency of complete freeze–thaw 
cycles, thus further preventing soil structure formation.

5. Urban soil surfaces are subjected to various physical activities over a range of 
moisture conditions, destroying vegetative cover and leaving the soil surface 
bare and unprotected from compacting forces, while eliminating the binding 
effect on soil particles by plant root systems.

6. Urban compacted soils have different wetting and drying cycles from uncom-
pacted soils. Compaction is further exacerbated when wet through surface traffic 
by foot or machine.

Bulk density is the measure used to determine the degree of compaction and indi-
cates how closely the soil particles are packed together. Bulk density is often 
expressed as porosity (the volume of voids per unit volume of soil) in terms of mass 
per unit volume; grams per cubic centimeter (g cm−3). Well-aggregated soils, rich in 
organic matter, have bulk density values less than 1.0 g cm−3 and highly compacted 
soil values exceeding 2 g cm−3. Many arable soils have values up to 1.6 g cm−3. 
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Urban soils that have been thoroughly cultivated such as those of allotments and 
flower beds have bulk densities within the range of 1.0–1.6 g cm−3. The “ideal” soil 
for plant growth ranges from 1.45 g cm−3 for clays to 1.85 g cm−3 in loamy sands 
(Brady & Weil, 2002). Increasing the areas of compaction around trees reduces 
growth by around 50% partially due to shorter and thicker roots.

Short et al. (1986b) measured bulk densities of 1.25–1.85 g cm−3 (mean = 1.61 
g cm−3) of the surface horizon and bulk densities of 1.4–2.3 g cm−3 (mean = g cm−3) 
at 0.3 m depth for open parkland in the Mall of Washington, DC. Craul (1985) 
found values of 1.52–1.96 g cm−3 for subsoils in Central Park, New York City. 
Patterson (1976) found average values in Washington, DC, ranging from 1.74 to 
2.18 g cm−3. These are large values in comparison to most grassland areas, but com-
parable values may well be found in many urban parks (Bullock & Gregory, 1991). 
Hiller (2000) found that soils in abandoned shunting yards in the Ruhr area, 
Germany, had bulk densities ranging from 1.0 to 2.1 g cm−3 depending upon the site 
and depth of soil where the measurements was taken. Typically, in all soils, the 
highest levels of bulk density occurred between 10 and 30 cm below the surface. 
Within this depth, bulk density values ranged from 1.6–2.1 g cm−3. These were typi-
cally higher than those of a nearby wheat field, which had bulk density values from 
1.33 to 1.57 g cm−3.

In developing countries, Jim (1998b) found similar ranges, 1.6–1.8 g cm−3 for 
parks in Hong Kong, a tropical site. Jim (1998a) also found an average bulk density 
of 1.66 g cm−3 for 50 street side soil samples in Hong Kong. In the tropics, bulk 
densities range from 1.1 to 1.4 g cm−3 (Jim, 1998b). A recent study in Ibadan sug-
gests that bulk density of urban soils range from 1.05 to 2.18 g cm−3, with a mean 
of 1.62 g cm−3. While these values are lower than those found in developed coun-
tries they are still statistically different (and higher than) those values for soil bulk 
densities found outside Ibadan in agricultural land and from those found in subur-
ban zones (Gbadegesin & Olabode, 2000).

Poaching, an extreme form of compaction, is often seen in cities around narrow 
pathways and entrances wherever people or machinery are forced to tread repeatedly 
or track the soil at a water content close to field capacity (Bullock & Gregory, 1991).

10.3.1.3 Surface Crusting and Water Repellency

During development, soils develop a crumb structure in which particles aggregate 
together, thus increasing bulk volume by the presence of large pore spaces between 
the aggregates. This type of structure has a favorable effect on aeration, water per-
meability, and root penetration. In contrast, in urban settings, a thin crust appears 
on bare soil.

Soil surface crusting is caused by several factors, the most important being com-
paction of the surface layer by foot and light wheel traffic and associated lack of 
vegetative groundcover. The absence of the groundcover eliminates the cushioning 
effect of the plant shoots, the binding and lightening effect of the root system, and 
the contribution of organic matter to the soil surface. Thereafter, the force of 
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 raindrop splash disintegrates soil aggregates and the dispersed particles of very fine 
sand, silt, and clay fill the adjacent pores (Hillel, 1980). A second cause of crusting 
is chemical dispersion enhanced by the low electrolyte concentration of rainwater. 
The result is one or two micro-layers of horizontally oriented particles in the upper 
2 cm of soil with an upper thin skin seal (0.1 mm thick) with an infill of fine parti-
cles about 2 mm thick. Compaction and infill of fine particles reduce water infiltra-
tion and gaseous exchange of oxygen and carbon dioxide between the atmosphere 
and the soil. A third possible cause is the atmospheric deposition of petroleum-base 
aerosols and particulates on the soil surface, which form waxy and oily substances 
that are water repellant. The resultant hydrophobic nature of such crust can be 
observed at the initiation of a light rain (Craul, 1992; Pouyat et al., 1997).

10.3.1.4 Restricted Aeration and Drainage

Urban soils are relatively confined, as they are covered with nonporous material. 
Where they do emerge, they are subject to crusting and compaction. Moreover, the 
urban soil body is often spatially interrupted by walls, sidewalks, curbs, pipe shafts, 
streets paths, repeated construction disturbances, foundations, or sharp change in 
grade. Urban soils lack the horizontal continuity between bodies present in the nat-
ural soil mantle. Together these conditions restrict gaseous diffusion and water 
movement in the soil profile (Craul, 1992).

The results of these restrictions are twofold. First, urban settings experience a shift 
from the natural local hydrological flows. Covered areas produce intensive runoff 
(Douglas, 1983). Bare soils, as a result of crusting and compaction, do not absorb 
water as quickly. As mentioned, they also dry more slowly. Covered soil may become 
moist and will remain so for prolonged periods of time. Lateral movements of water 
may be slow from effects of compaction and physical barriers. Soil conditions there-
fore do not present optimal conditions for plant growth. Special trees, such as the 
London plane tree thrive, because of their ability to cope with restriction on root space, 
but most street trees suffer from structural or  physiological problems (Jim, 1989).

10.3.1.5 Modified Climate Regimes

The climate and hydrology of cities are different from that of rural areas and these 
differences impact the characteristics of soils.

The incoming radiation may be less in the city because of increased haze and 
cloudiness, but the amount of heat absorbed and reradiated by building and street 
surfaces is greater than vegetation, raising both daytime and nighttime urban air 
temperatures (Landsberg, 1981). The city heat island is typically conterminous with 
the built-up area of an urban center although wind direction can change temperatures 
of other areas temporarily. Urban temperature excess results in a bubble of maxi-
mum temperature different at the surface trailing off to no difference  somewhere 
between 300 and 500 m above the city.
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Increases in urban temperatures offset the latitudinal gradients of animal popula-
tion densities and cycles. In Europe, various arthropod populations found in cities at 
more northern latitudes were more similar to those in rural settings at more southern 
latitudes than rural populations further north. A similar example of how urbanization 
can counteract latitude has been noted for bird diversity. Increased heat translates 
into longer growing seasons for plants and earlier seasonal blossoming.

Changes in temperature and moisture impact soil characteristics (Bullock & 
Gregory, 1991). Urban soils that are surrounded by large capacity heat-absorbing 
and re-radiation surfaces interact differently with flora and fauna, than those other-
wise. City soils can be much warmer than those in their respective regions. Given 
that moisture is not limiting, warmer temperatures increase the metabolic rate of 
microbes and invertebrates, thus increasing decomposition (Craul, 1992). Pouyat 
et  al. (1997) found that along an urban–rural gradient in New York City, decompo-
sition of litter occurred almost twice as fast in the urban forests than it did in rural 
forests. At the same time, forest-floor litter mass by weight was almost three times 
greater in the rural stand than in the urban stands, with suburban stand intermediate 
(Kostel-Huges et al., 1998). While there are a number of other likely contributors 
to these differences, heat island is an important one.

Moreover, soil-weathering process may be intensified. Soil surfaces form gradi-
ents where surface heat builds (Hillel, 1980). This is because the greatest tempera-
ture extremes occur in the surface horizons. Soil temperature is highly influenced by 
moisture content because water affects the heat capacity of the soil. High tempera-
tures dry the soil surface through evaporation, creating moisture gradients that cause 
water to flow from lower to upper horizons (Craul, 1992). Hence water movement 
within heat-affected soils is increased, arguably impacting translocation processes.

10.3.2 Urban Soil Topologies

Of course, the six characteristics described in Section 10.3.1.2 are not the only 
physical differences between urban and nonurban soils. For example, Hiller (2000) 
found that soils in former railway shunting yards had more magnetic susceptibility 
than those of rural areas, largely due to the large amount of railway slag and ballast 
in soil layers. The six impacts, however, are the major impacts that can be seen 
across almost all urban soils.

These various differences encourage soil scientist to categorize urban soils differ-
ently from “natural” soils. At the same time, given the nature of urban soils, categoriz-
ing them into traditional taxonomic groups is difficult (Short et al., 1986a). In England 
and Wales, one of the 10 major groups recognized by the Soil Survey is that of human-
made soils defined as soils with a thick human-made A horizon, a disturbed subsurface 
layer, or both. Gilbert (1989) has studied urban sites there and suggests they produce 
lithomorphic soils (i.e., A/C soils with no B horizons) which would be classified by 
the Soil Survey of England as pararendzinas. Bullock and Gregory (1991), on the other 
hand, consider urban soils “Anthroposols” which can then be further subdivided into 
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suborders such as Cumulic, Hortic, Garbic, Urbic, Dredgic, Spolic, and Scalpic, 
depending upon the exact form in which the original soil was modified, mixed, trun-
cated, or buried or what new soil parent materials were added.9

In the USA, Craul (1992) suggests that urban soil profiles are generally classed 
as Entisols, mainly the Udorthents, having little horizon differentiation, exhibiting 
an absence of diagnostic epipedons in the disturbed portion (anthropeic horizon) 
and having a udic moisture regime. There may be diagnostic subsoil horizons 
below the anthropeic horizon within the truncated original profile, or there may be 
fragments of diagnostic horizons mixed in the anthropeic horizon.

In Germany, Blume (1989) suggested that urban soils be considered “deposit 
soils” or Urbic Anthrosols. They are further subdivided by natural processes of soil 
genesis. Accordingly, these soils are initially raw (Syrosems) that developed into 
Regosols, Rankers, Pararendzinas, or Rendzinas (Hiller, 2000).

The classification of urban soils as Urban Anthrosols has been further promoted 
by Food and Agricultural Organization (FAO) and United Nations Educational, 
Scientific, and Cultural Organization (UNESCO). Currently, the FAO–UNESCO 
world soil map describes Anthrosols as formed or profoundly modified through 
human activities such as addition of organic materials or household wastes, irriga-
tion, or cultivation. The group includes soils otherwise known as “Plaggen soils”, 
“Paddy soils”, “Oasis soils”, and “Terra Preta do Indio”. Anthrosols are differenti-
ated by their anthraquic, hortic (formed in layers from kitchen refuse, oyster shells, 
fishbones, etc., from early Indian habitation), hydragric (formed by long-continued 
wet cultivation such as “puddling” of wetland rice fields), irragric (formed from 
prolonged sedimentation of silt from irrigation water), terric (addition of calcareous 
soil materials, e.g., beach sands) or plaggic (produced by long-continued addition 
of “pot stable” bedding material, a mixture of organic manure and earth) surface 
horizon (Driessen et al., 2001).

10.3.3 Regional- and Global-Scale Impacts of Urbanization 
on Soils

Urban areas have reached extremely large sizes, both in the developed and develop-
ing worlds. Amongst a larger set of regional and global issues, some important soil 
impacts include loss of agricultural, wetland, and other soils to urban land uses and 
the acceleration of erosion at the local, citywide, and even global level. These 
impacts have indirect effects on soils including soil loss, sealing, and degradation. 
On the other hand, in some countries, rural–urban migration is associated with for-
est regeneration and potential for soil recovery. Moreover, in some poor nations, 
difficult access to cities can increase soil quality (Braimoh & Vlek, 2006).

9 See also more detailed classifications given by Australian soil categorization of “Anthroposols” at 
http://www.clw.csiro.au/aclep/asc_re_on_line/an/anthsols.htm (accessed on 10 September 2006).
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10.3.3.1 Loss of Agricultural, Wetland, and Other Soils Due 
to Urbanization

In general, land-use change from nonurban to urban land uses reduces the total net 
primary productivity (NPP) of Earth as urban land reduces biomass quantity. This 
human appropriation of NPP impacts natural ecosystems and the organism that 
comprise them, leading in the long run to the loss of biodiversity (Hassan et al., 
2005). The removal of agricultural lands by urban land uses has been of concern, 
not only because of appropriation of NPP, but also because of the perceived con-
straints it places on future increases in food production, national food security, and 
environmental sustainability (see, e.g., Ehrlich, 1991; Rerat & Kaushik, 1995; 
Gardner, 1996). Between 1950 and 2000, acreage of land planted in grains per per-
son worldwide shrunk by half. Nearly all the 2.6-fold increase in grain production 
since 1950 has come from increasing yields (production per hectare). While on the 
average there is more food produced per person today than 50 years ago, since 
1984, grain production per capita has fallen as harvest increases have failed to keep 
pace with population growth (Ehrlich, 1991). World population growth is outpacing 
the expansion of cropland (see Chapter 3).

As the world urbanizes, agricultural land is transformed to urban land. This is 
because cities have traditional been established around areas of high ecosystem 
service production. Urban sprawl, as the process of urban land use expansion is 
sometimes called, is of increasing concern around the world. Globally, urban 
land-use urban activities potentially removes 6.8% of all cultivated systems from 
agricultural production (McGranahan et al., 2005). This suggests the removal of at 
least 2.4 million km2 globally from agricultural production, of which a proportion 
is high quality farmland.

Within the developed world, such as the USA, there has been increasing public 
concern over the long-term impact of urbanization on the available agricultural 
land. Until recently, however, it was difficult to measure and analyze accurately the 
trends in urban expansion and their impacts on agricultural lands. Certainly over the 
years estimates of agricultural land loss have varied dramatically (Hart, 1976).

In 1956, Bogue picked up on growing concern over the growth of cities in the 
USA and calculated that over 150,000 ha of cropland and pastureland would be 
converted to urban uses each year between 1955 and 1975 in metropolitan counties 
alone (Bogue, 1956). In the same year, D.A. Williams, administrator of the Soil 
Conservation Service, proclaimed that over 455,000 ha of cultivable land were 
being converted to urban use each year in the whole country. This figure became a 
doctrine in the Soil Conservation Service.

In the 1970s, two events helped to keep urbanization’s impacts on agriculture 
lands in the forefront of popular attention. First, due to high demand from the 
Former Soviet Union, there was a dramatic rise in world grain prices. US sales of 
grain eliminated the excess capacity that characterized US agriculture since World 
War II. Second, studies by the US Soil Conservation Service indicated that urban 
land was rapidly expanding in the nation. This was due, in large part to the subur-
banization of large numbers of middle-class Americans leaving central city areas 
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and that most of the residential constructions occurred on formerly agricultural 
lands (Fischel, 1982). Reports suggested that from 1958 to 1967, the average 
annual conversion from agriculture to built-up and urban land was 460,000 ha, 
from 1967 to 1977 the average annual amount was more than 1.1 million ha 
and from 1967 to 1975 the annual amount was 842,000 ha (Fischel, 1982). 
Subsequent estimates place the annual conversion of land at more than 2,000 ha 
year−1 (Hart, 1976). These national studies were supplemented by regional 
studies of fast-growing counties. Berry (1978) presented data summarizing 
three such studies that argued urban land conversion ate up between 2.1% and 3.9% 
of agricultural land in their areas. Between 1960 and 1980, urban land in the USA 
increased by between 9 million ha and 12 million ha, most of this taken from cropland, 
pastures, and forests (Frey, 1984). Of this amount, it was estimated that 2 million ha 
were prime agricultural land. The categorization of “prime” farmland was based upon 
the ability of the land to produce food, feed, forage, fiber, and oilseed crops.

Not everyone agreed with these estimates, however, Some studies indicated that 
annual loss of agricultural land to urban built-up areas during 1967–1977 was only 
1.1 million ha, which was less than 1% of the total 132 million ha available land at 
the time (Plaut, 1980). By the early 1990s, studies began appearing that discounted 
any threat to food and fiber production capacity from continued urbanization 
(Vesterby & Heimlich, 1991). Analysis of urban land conversions processes in the 
1960s, 1970s, and early 1980s demonstrated that consumption rates are constant, 
rather than rapidly increasing, during these periods (Vesterby & Heimlich, 1991).

Within the fast-growing areas, total urban land was 3.6 million ha in the early 
1980s, an increase of 0.97 million ha or 37%. The residential component of urban 
land-use change increased by more than 50% from the early 1970s to the early 
1980s. Agricultural land contributed about one-third, with rangeland making up 
about 61% of this. While during the 1970s, the USA experienced a “rural renais-
sance,” with rapid population growth in nonmetropolitan areas where marginal land 
consumption was greater than in metro areas, population growth in the 1980s 
returned to the pre-1970s patterns of slower growth outside metropolitan areas 
(Vesterby & Heimlich, 1991).

In the late 1990s, US Department of Agriculture studies reevaluated the current 
state and trends in land uses throughout the country. These estimates suggested that 
US land in urban uses (for homes, schools, office buildings, shopping sites, and 
other commercial and industrial uses) increased 285% from 6 million acres in 1945 
to an estimated 23 million acres in 1992. These totals were way below the 1970s 
predictions that urban land was taking 0.45–1.13 million ha of agricultural land a 
year. The estimates, however, imply that urban land use grew faster than popula-
tion. While the US population nearly doubled, the amount of land urbanized almost 
quadrupled. However, urban uses still amount to only 3% of total national land 
area. At the same time, land in transportation uses (highways and roads, and air-
ports in rural areas) increased by 1.6 million ha (17%) between 1945 and 1982. 
Transportation uses declined by 0.8 million ha from 1982 to 1992 due to the aban-
donment of railroad facilities and rural roads, and the conversion of some land 
under transportation uses into urban uses. From 1992 to 1997, urban land use 
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increased by 6%. Land in urban areas is estimated at 27 million ha in 1997. Rural 
residential land, a new land-use category, was estimated to be about 30 million ha 
in 1997 (Vesterby & Krupa, 2001).

Cropland in the contiguous 48 states of USA decreased by about 26% from 1945 
to 1992. At the same time, however, cropland idled and pasture increased by 15% 
and 19%, respectively. As a result, total cropland (used for crops, used for pasture, 
and idled) has decreased only slightly since the late 1960s. The fall in areas devoted 
to crops was largely due to changes in cropland idled in federal crop programs and 
weather, such as the drought in 1988 and the heavy rains in 1993 (USDA 1997). 
Between 1992 and 1997, all cropland in the contiguous 48 states of USA decreased 
by 2 million ha (1%). This follows a slow but steady decline since 1978 by about 
3%. During this period, however, areas devoted to crops increased by more than 
4 million ha (Vesterby & Krupa, 2001).

A recent estimate of farmland lost was reported through the use of satellite 
imagery (Nizeyimana et al., 2001). In this study, agricultural lands were categorized 
into four soil productivity classes, namely high, moderately high, moderate, and low. 
Within the USA, the distribution was 3%, 26%, 38%, and 33%, respectively. Urban 
land uses were distributed as 6% on high, 48% on moderately high, 35% on moder-
ate, and 11% on low productivity soils. Although the land with the most productive 
soils represents a small fraction of the total land area in several states, this category 
experienced the highest level of urbanization. The level of urbanization were esti-
mated as 1%, 2%, 4%, and 5% in the low, moderate, moderately high, and high soil 
productivity classes, respectively (Nizeyimana et al., 2001).

The most recent United States Department of Agriculture farmland assessment 
suggests that urban land areas quadrupled from 1945 to 2002, increasing about 
twice the rate of population growth over this period. After adjusting earlier esti-
mates for new criteria used in the 2000 Census, urban area increased by 13% 
between 1990 and 2002. Census estimates based on the previous criteria indicate 
that urban area increased 9 million acres (18%) over the 1980s, 13 million acres 
(37%) over the 1970s, and 9 million acres (36%) over the 1960s. Estimated area of 
rural land used for residential purposes increased by 9 million ha (29%) from 1997 
to 2002, and by 7 million ha (30%) from 1980 to 1997 (Lubowski et al., 2006).

This history is instructive in that it demonstrates the controversy over esti-
mates. First, the conversion of rural to urban land is far from straightforward. 
Second, it is only recently with the development of new technologies to study 
land-use change that we are able to more accurately monitor, analyze, and under-
stand the trends of land conversion. Third, while some previous estimates appear 
to be exaggerated, current more conservative estimates are also worrisome. As 
best as understood, urban land-use conversion of agricultural land stood at 
455,000 ha per year between 1958 and 1967 and 570,000 ha for the period 1967–
1975 (Vesterby & Krupa, 2001). Between 1992 and 1997, land-use conversion to 
urban continued at a rate of 570,000 ha per year (Vesterby & Krupa, 2001), with 
high productivity farmland as the most pressured (Nizeyimana et al., 2001). The 
new category of “rural residential” includes more area than the total amount of 
urban land (Lubowski et al., 2006).
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In Europe, cities tend to be more compact than those of the USA. Since the 
1950s, however, they have been growing and sprawl is now seen as a threat on soils. 
For example, since 1950s, European cities expanded on average by 78% while the 
population has grown by only 33%. In some places, such as Spain, Portugal, and 
parts of Italy, population is decreasing while urban areas are still growing. During 
the period 1990–2000, the growth of urban areas throughout Europe consumed 
more than 8,000 km2. This is equivalent to the complete coverage of the state of 
Luxembourg or the consumption of 0.25% of the combined area of agriculture, 
forest, and natural land on the continent. While these increases may seem small, a 
0.6% annual increase in urban areas would translate into a doubling of the current 
area in a little over a century (European Environment Agency, 2006).

The loss of agricultural and wetland to urbanization is considered severe in the 
developing countries (Douglas, 1994). In many cases, fear of agricultural land loss 
is compounded by food shortages where population increase and urbanization is 
occurring fastest. In China, Thailand, India, Indonesia, and Vietnam, for example, 
urbanization is responsible for decreasing cropland area (Gardner, 1996). From 
1978 to 2002, Chengdu, China, increased by about three times, from 81 km2 to 
nearly 220 km2. Some of the land overtaken was previously agricultural, much of it 
green space (Schneider et al., 2003). The growth of Mexico City took 53,000 ha of 
agricultural land from 1960 to 1980 (FAO, 1985). From 1966 to 1971, 14,000 ha 
of irrigated land were lost to urban growth around Lima, Peru (Blitzer et al., 1981). 
India lost approximately 1.5 million ha of land to urban growth from 1955 to 1985 
(Chhabra, 1985). From 1987 to 2001, the urban land area of Istanbul, Turkey, 
increased by about 15,000 ha (despite an earthquake during this period that led to 
loss of urban land) which translated into a 127% increase. Meanwhile the popula-
tion increased only by 83% between 1985 and 2000. In contrast, forest, seminatural 
vegetation, cropland, and bare soil areas decreased, particularly those areas close to 
the city (Kaya & Curran, 2006). In the Philippines, between 1988 and 1995, the 
country lost approximately 33,700 ha of agricultural land, half of which was 
 transformed to nonagricultural uses around Metro Manila (Kelly, 1998).

Agricultural land is not the only type of land use encroached by cities. Urban 
expansion typically penetrates other sensitive environments. Most cities, because 
they had been founded close to inland waterways or on coastal zones, have 
expanded into their floodplains, narrowing the channels available for the passage of 
storm water and engulfing sensitive coastal areas. Approximately, 58% of the 
world’s major reefs occur within 50 km of major urban centers of 100,000 people 
or more, while 64% of all mangrove forest and 62% of all major estuaries occur 
near such center (Agardy et al., 2005b). This trend is increasing as giant coastal 
cities have emerged in many parts of the world. Indeed, coastal populations on 
every continent have grown with global trade into cities with international ports, 
creating jobs, and economic growth. Urbanization and all that it entails is an impor-
tant driving force in coastal zone change. Toronto, Canada, for example, expanded 
its industrial, utility, and residential activities onto marshland from 1931 to 1976, 
reclaiming 271 of the 482 ha of marches (Lemay & Mulamootil, 1984). In the USA, 
most of the loss of wetlands occurred prior to the onset of rapid urbanization during 
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the colonial period and early history of the country’s development (USDA, 1997). 
Urban development impacts natural ecosystems, productive wetlands, and habitats 
of wildlife including threatened and endangered species. Wetlands loss in the USA 
continues but at a much slower rate than in previous decades. The National 
Resource Inventory estimates that half of the over 40,000 ha of wetlands lost per 
year from 1992 to 1997 was to urban land development (USDA, 2001). In most 
cases new wetlands from restoration and creation are of lower quality than lost 
wetlands (Randolph, 2004). The latest wetlands status and trends report by the US 
Department of the Interior estimate annual net loss at about 24,000 ha per year over 
the 1986–1997 period (USDI, 2001). This does not yet conform to the federal 
“no-net-loss” policy, but it is a substantial improvement over estimates of loss in 
previous decades (Randolph, 2004)

In the developing world, the loss of valuable ecosystems, due to urbanization 
and to satisfy urban demands, is also reaching critical dimensions. For example, 
more than 40% of the world’s estimated 18 million ha of mangrove forest occur in 
South and Southeast Asia (UN ESCAP, 2000). Large areas of mangrove have been 
removed for industrial, residential, and recreation developments, and in particular 
for establishment of ponds for fish and prawns aquaculture. Within Southeast Asia, 
the loss of original mangrove areas is high; less than 20% in Brunei, more than 30% 
in Malaysia, more than 40% in Indonesia, more than 55% in Myanmar, more than 
60% in Vietnam, more than 70% in Singapore, and more than 80% in Thailand (UN 
ESCAP, 2000). In the Philippines, 210,500 ha of mangrove (approximately 40% of 
the country’s mangrove cover) were lost to aquaculture from 1918 to 1988. By 
1993, only 123,000 ha of mangroves were left, equivalent to a loss of 70% (Agardy 
et al., 2005a).

The conversion of natural or agricultural landscapes to highly modified urban 
landscapes throughout the world is expected to continue. This trend is particularly 
important to developing countries. This is because, as mentioned previously, almost 
all global population growth will occur in the developing world cities (United 
Nations, 2006). Many areas, in both the developed and developing world are 
expected to become even more highly modified than they are today.

10.3.3.2 Accelerated Erosion at all Scales

No soil phenomenon is more destructive worldwide than erosion, the detachment 
and movement of soil or rock by water, wind, ice, or gravity. While erosion proc-
esses have always been part of the geologic cycle and human history, accelerated 
erosion which is more rapid than normal, natural, geological erosion, resulting 
largely from human impact is more ominous now than any time in history (Brady 
& Weil, 2002; see also Chapters 4 and 5).

Humans move increasingly large amounts of rock and sediment in the cause of 
urban development. Simultaneously, as digging sticks and antlers have given way 
to wooden plows, iron spades, steam shovels, and today’s huge excavators, our abil-
ity and motivation to modify the landscape by moving earth in construction and 
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mining activities have also increased dramatically. In particular, since the 
 development of the bulldozer in the 1950s, the soil cover of building sites, for 
example, has been increasingly disturbed. Instead of constructing houses and other 
infrastructure in line with the contours of a given site, the bulldozer has facilitated 
construction so that some previously sloping sites contain soil profiles beneath 
bulldozed soils and parent material from further upslope (Bullock and Gregory, 
1991). As a consequence of this and other earthmoving activities, humans have now 
become arguably the premier geomorphic agent sculpting the landscape, and the 
rate at which we are moving earth is increasing exponentially (Hooke, 2000).

Moving large amounts of earth and soil, however, has also led to increased ero-
sion. The current global mean rate of soil loss may exceed rates of formation by up 
to an order of magnitude. That is, over the last half-billion years of the Earth’s his-
tory, erosion has lowered continental surfaces by a few tens of meters per million 
years. In comparison, construction and agricultural activities currently result in the 
transport of enough sediment and rock to lower continental surfaces by a few hun-
dred meters per million years (Wilkinson, 2005). During the last 40 years, nearly 
one-third of the world’s arable land has been lost by erosion and continues to be 
lost at a rate of more than 10 million ha year−1. The on-site costs10 are between 
US$4 billion and US$27 billion, while the off-site costs11 could be higher (from 
US$5 billion to US$17 billion) (Pimentel et al., 1995). In the USA alone, the esti-
mated loss of total readily available nitrogen, phosphorus, and potassium are in the 
order of 9,494 Mg total nitrogen, 1,744 Mg available nitrogen, 1,704 Mg total phos-
phorus, 34.1 Mg available phosphorus, 57,920 Mg total potassium, and 1,158 Mg 
available potassium (Larson et al., 1983).

While the movement of rock and soil is largely the result of agricultural proc-
esses, a significant proportion, up to 30%, is from construction and activities related 
to urbanization (Hooke, 2000). Urbanization increases runoff pollution, erosion, 
and sedimentation through land clearing and increased impervious surfaces. Land 
activities that remove or reduce vegetative cover and litter, loosen or compact the 
surface soil from its natural state, create channelization of surface runoff, or inter-
rupt natural drainage increase the soil-erosion potential.

Runoff pollution results in unavoidable degradation at 30% impervious surfaces 
(Schueler, 1994). Moreover, impervious surfaces prevent natural pollutant proc-
esses in soils by preventing percolation. In the USA, nonpoint source runoff is the 
largest sources of surface water pollution (Randolph, 2004) and impervious surface 
coverage is emerging as a key environmental indicator of this challenge.

10 On-site damages include loss of soil and nutrients, spread of plant-disease organism creation of 
dense crust on the soil surface (which reduces water infiltration and increases water runoff), diffi-
cultly with establishment of plants as seed and seedlings are washed away, and that gullies care 
up badly eroded land affecting building foundations, and causing unsafe conditions.
11 Off-site costs include damages from sediments to other crops, vegetation, and infrastructure; 
damages from windblown dusts to crops, buildings, and infrastructure; reduction of recreational 
space and its value; water pollution and increased human morbidity and mortality from wind-
blown dusts; and dispersal of waterborne diseases.
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Rickson (2003) states that mined catchments have 69 times more sediment per 
unit area than unmined catchments, that unrestored slope banks have 968 times 
more sediment than undisturbed areas, and that haul roads associated with mining 
activity produce 2,065 times more sediment in the surrounding slopes. Douglas 
(1986) suggests that urbanization (new residential, industrial, or commercial devel-
opment) often leads to erosion of surface soil which increases silt loads of streams 
by as much as 50–100 times. Erosion increases due to exposure of highly erodible 
material, lack of cover and slope characteristics (as affected by construction).

Data on soil loss from various land uses (Hough, 2004) shows that the largest 
loss is from exposed construction sites. These types of developments can loose 
three orders of magnitude of soil than forest land (almost 93,000 kg ha−1 year −1) 
(Hough, 2004). While erosion from newly developed land may be massive, these 
are initial pulses and do not continue, even if land remains undeveloped. However, 
where construction occurs, or the vegetation is removed, the erosion rate is great. 
In 1978, 80 million t of soils eroded from construction sites and 169 million t from 
roads and roadsides, and nearly 90% of this takes place on land under development 
(Craul, 1992).

Cultivated agricultural land loses more soil than developing and developed 
urban areas. Erosion rates in developed urban areas, however, can easily be twice 
those of forested areas (Hough, 2004). The erosion rate in developed urban areas, 
which has established vegetation or consists of noneroding surfaces are not great. 
The erosion that does occur in these circumstances typically comes from stream 
bank erosion in the remaining unchannelized creeks and streams in the city.

While erosion rates differ by climate, geology, geomorphology, and extent of 
human impact, they are considerable in both developed and developing world cit-
ies. In a study of erosion in developing humid tropical urban areas, Douglas (1978) 
concluded that urban and mining activities greatly accelerated erosion by leaving 
areas of soil less protected than under plant cover in an entire catchment area. 
Douglas (1974) compared sedimentation rates within watersheds of developed 
(Armidale, New Zealand) and developing (Kuala Lumpur, Malaysia) urban catch-
ments. He found in both areas, small tributaries are significantly impacted through 
increased sedimentation (through erosion) by construction work. This has changed 
the hydrologic regimes within both these cities, although it was particularly acute 
in Kuala Lumpur, through loss of channel capacities, among other changes. Hardoy 
et al. (2001) have identified erosion as one of the most important environmental 
issues in low-income urban areas.12

Within developed countries, such as the USA, erosion has had significant 
impacts on cities. Over the next 60 years, for example, erosion rates on the east 

12 In the tropics, land degradation occurs sooner after human impact and is longer lasting than in 
the temperate zone. Especially in the moist tropics, a large portion of nutrients are contained in 
the vegetation of tropical forests, which often grow on thin, poor soils that are subject to erosion, 
leaching, and compaction when deforested. Deforestation and conventional (temperate zone) 
agriculture frequently has disastrous results (Ehrlich, 1991).
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coast (if they continue their current levels of at least 60–90 cm year−1) will threaten 
53,000 existing and 23,000 currently planned structures (Randolph, 2004).

Gully erosion, whereby water accumulates in narrow channels and over short 
periods removes the soil from this narrow area to considerable depths, ranging from 
0.5 to 30 m (Brady & Weil, 2002), has been ascribed to both agricultural and pasto-
ral activities as well as road building and urbanization (Rickson, 2003). Roads 
induce a concentration of surface runoff, a diversion of concentrated runoff to other 
catchments, and an increase in catchment size, which enhance gully development 
after road building. Also changes in drainage patterns associated with urbanization 
can result in gullying. Gullies often take place where there are illegal settlement 
without urban infrastructure, such as sanitation and paved roads. This is because 
these types of settlements emerge on steep unprotected slopes.

10.3.3.3 Urbanization and Soil Biology

Soil is one of the most diverse ecosystems on earth. It comprises several thousand 
individual organisms including fungi, nematodes, protozoa, and bacteria. The com-
position of these organisms varies with organic material, moisture, and clay content 
of the soil. Urban soils generally have lower biological capacity compared to agri-
cultural soils due to the highly variable environmental conditions of urban soils. 
The soil–microbe complex is characterized by highly ordered heterogeneity and the 
spatial clustering of the matrix results in the characteristics of the soil physical 
structure. The soil physical structure in turn provides habitat that enables several 
biophysical and biochemical processes that regulate life on Earth. Such ecosystem 
services include plant productivity, water retention, buffering capacity to water-
bound pollutants, and greenhouse gas emissions (Young & Crawford, 2004).

Urban development introduces marked changes along the rural–urban gradient. 
Increases in anthropogenic disturbance often results in habitat loss, leading to con-
siderable local extinction rates, elimination of large majority of native species, and 
replacement of native species with widespread nonnative species (McKinney, 
2002). Such a process of biotic homogenization constitutes a threat to the biological 
uniqueness of ecosystems. Several studies document that the lowest species diver-
sity including earthworm and microbial biomass along the rural–urban gradient 
occur in the urban core. Reduction in richness is often associated with loss of vege-
tation and the pollutants (especially heavy metals) introduced to urban 
environments.

Because urban soils tend to be highly modified in comparison to natural soils, 
they have the tendency to be more structurally and functionally altered. Soil nema-
todes regulate microbial populations and nutrient cycling in the soils. They can live 
in wide-ranging environmental conditions and occupy several positions at the 
trophic levels. In particular, they are an important indicator of soil quality and 
human disturbance on soils (Pavao-Zuckerman & Coleman, 2007). Studies on 
nematode fauna along rural–urban gradients have produced mixed results. Pavao-
Zuckerman and Coleman (2007) observe that the diversity of nematode genera was 
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not affected by the physico-chemical conditions associated with urban land use in 
Asheville, North Carolina. In contrast, functional differences were observed along 
land-use gradient, with urban soils having lower abundance of predatory and omni-
vores nematodes. Furthermore, less fungal dominance in the soil food webs of 
urban soils was observed. These results differ markedly from that of Pouyat et al. 
(1994) who observed lower density of nematodes in urban compared to rural soils 
in a rural–urban gradient in Bronx, New York. Pouyat et al. (1994) also observed 
significantly higher fungal abundance in rural compared to urban soils. They fur-
ther observed an inverse correlation between soil heavy metal concentration and 
both fungivorous micro-invertebrates and litter fungi.

The impacts of urbanization on soil enzyme activities have been studied recently. 
Green and Oleksyszyn (2002) measured the activities of invertase, cellulose, and 
CO

2
 flux in mesiscape (irrigated water lawns), xeriscapes (low-water-use vegeta-

tion), and desert remnants (undeveloped areas within the urban matrix) in central 
Arizona. Differences of invertase activities between land uses were most pronounced 
in the winter months, when value for mesiscape sites was about twice as much as the 
desert remnant sites, and over three times greater than the xeriscape sites. Invertase 
activity was significantly higher in desert remnant sites compared to xeriscape sites 
only in December and January. In January, cellulase activity in mesiscape soils 
 significantly exceeded xeriscape and desert remnant soils by a  factor of 2.

Microbial processes of urban and rural soils have also been compared by some 
researchers. There were few differences in denitrification potential (denitrifica-
tion enzyme activity) between urban and rural and herbaceous and forest riparian 
zones, though higher variability was observed in urban soils (Goffman & 
Crawford, 2003). Similarly, no significant differences were observed in micro-
bial biomass. However, denitrification potential was strongly correlated with soil 
moisture and organic matter content. This suggests that if surface runoff can be 
channeled through areas with high denitrification potential such as wetland 
basins, they could function as important nitrate sinks in urban watersheds 
(Goffman & Crawford, 2003).

10.3.3.4 Urbanization and Reforestation in the Developed World

The increase in the proportion of urban population relative to total population can 
translate into the return of land previously used for agricultural purposes to forested 
land in some parts of the world. For example, European urbanization levels have 
reached 76% and at the same time, population growth for the continent is very low 
(< 0.03% per year), if not already negative (United Nations, 2006). Contemporary 
population growth in, and expansion of, cities results in losses in population and 
area in rural parts of the continent. It is therefore not surprising that in Europe forest 
areas are actually increasing in range. For all of Europe, from 1990 to 2000, forests 
increased in area by 0.09% and from 2000 to –2005, forests increased in area by 
0.07%. Some of the biggest gains were found in countries such as Finland, France, 
Greece, Denmark, Iceland, Ireland, Portugal, Italy, Spain, and Switzerland (FAO, 
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2006). The expansion of forests on abandoned agricultural land is quite common in 
some parts of Europe. Combined with an emphasis away from productive functions 
toward conservation of biological diversity, protection and multiple uses, and the 
increase in forest area can be associated with increases in soil quality. This trend 
(urbanization leading to abandoned and reforested farmland with positive conse-
quences for soil quality) is also true, but to a lesser extent in other parts of the 
developed world, such as North America and Japan (FAO, 2006).

10.3.3.5 Urbanization, Access to Markets, and Increases in Soil Quality 
in the Developing World

While there are studies that suggest urban impacts are always negative on land 
outside cities, some evidence suggests that urbanization can improve soil quality 
(e.g., Jacoby, 2000). Specifically, in low-income countries where rural farmers 
have access to markets in towns and cities, they also have access to soil supple-
ments including fertilizers. Applications of fertilizers to soils in these regions typi-
cally improve soil nutrient quality and hence have a positive impact on soil 
quality.

10.4 Urbanization, Soil pH, and Heavy Metal Contamination

10.4.1 Urbanization and Soil pH

Urban soils tend to have soil reaction (pH) values somewhat different from their 
natural counterparts. In most cases, pH values are higher, more alkaline, in the 
urban environment (Craul & Klein, 1980).

There are several explanations for the elevated pH values of urban soils. First is 
the application of calcium or sodium chlorides as sidewalk and street-deicing salts 
in northern cities, as in Syracuse (Craul, 1992). The irrigation of urban soils with 
calcium-enriched water is the second cause. The third explanation is atmospheric 
pollution. Ash residue often contains calcium. This is further evidenced in the 
decrease in pH values with increasing depth. The fourth explanation relates to the 
release of calcium from weathering of construction rubble comprised of bricks, 
cement, plaster, etc., or the washing of calcium from building facades by polluted 
acid precipitation. Finally, liming of soil to correct suspected deficiencies raises the 
pH. Gilbert (1989) has stressed on the chemical properties of rubble soils as the 
source of high pH in the UK. Brick rubble contains calcium, important as a nutrient 
and controller of pH, which maintains soil pH in the range 6.5–8.0.

In the Mall in Washington, DC, fill materials contaminated with building rubble 
are acidic, with pH of the horizons varying from 6.4 in the surface to 6.7 in the fifth 
horizon (Short et al., 1986b). In Central Park, New York City, fill material also has 
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an acid pH (Warner & Hanna, 1982). In the UK, local roadside and path-side soils 
have pH around 9.0 as a result of sodium and calcium chloride applied as deicing 
salt (Gilbert, 1989). A study of the railroad shunting areas in Ruhr region, Germany, 
however, suggested that pH levels were lower than those of agricultural land 
(Hiller, 2000). Sukopp et al. (1979) report high values for pH of the soils in city 
streets in Berlin (8.0), which decrease as one moves to city forests. Mean pH values 
for five different land uses (agriculture, ornamental gardens, parks, riverbanks, and 
roadsides) in Seville was approximately 7.21 (Ruiz-Cortes et al., 2005). Soils in 
Palermo, Italy, exhibited a narrow alkaline range of pH (7.2–8.3) (Manta et al., 
2002). Soil samples in the western district of Naples, Italy, had average pH levels 
of 8.01, while those in the eastern district averaged 7.4 and the central district sam-
ples averaged 6.8 (Imperato et al., 2003). The alkaline pH levels relate to the pres-
ence of carbonates in soil, while in the central urban district, some pH values fell 
lower than 6.0. Garden soils in Salamanca, Spain, also demonstrated lower pH 
 values, between 3.4 and 7.6 (mean 6.7) (Sanchez-Camazano et al., 1994).

Within developing world cities, Jim (1998b) found alkaline humid tropical soil 
in Hong Kong with pH exceeding 8.0 in some cases. In Caracas, Venezuela, soils 
along roadsides polluted had pH levels of between 7.5 and 7.8 (Garcia-Miragaya 
et  al., 1981). Krishna and Govil (2005) found neutral to alkaline pH levels (pH 
7.5–8.5) in Thane-Belapur industrial development area of Mumbai. In satellite cit-
ies of Seoul, Chon et al. (1998) found pH levels of 5.2, 5.7, 6.0, and 7.6 for soils in 
forests, paddy, dry fields, and roadsides, respectively. The suggested the relatively 
high pH values in roadside soils were due to commenting materials associated with 
the road surface. On the other hand, Gbadegesin and Olabode (2000) found soil pH 
in Ibadan to be between 5.1 and 7.6 with a mean of 6.62. These values however, 
were not significantly different from pH values in soils from suburban and agricul-
tural areas. Soils studies in Bangkok also found lower pH levels in soils ranging 
from 3.6 to 7.4 with a mean of 6.7 (Wilcke et al., 1998).

10.4.2 Heavy Metals in Soils

Heavy metals are a subset of persistent toxics that retain their environmental impact 
for a relatively long period of time after release into the ecosystem. Elements in 
soils include Cd, Co, Cr, Cu, Fe, Hg, Mn, Mo, Pb, and Zn (Brady & Wiel, 2002). 
Since they are elements, they never decay. They can change to different forms that 
may increase or decrease their toxicity. Additionally, they can disperse, accumulate, 
or undergo other physical changes leading to changes in the likelihood of exposure, 
thus altering associated risks in the environment.

Trace metal distribution in soils is well documented for many industrialized 
countries such as Japan, Germany, and the USA. Both natural and human activities 
introduce trace metals into the environment. The presence of heavy metals, salts, 
and acid deposition products is primarily due to the environmental conditions cre-
ated by urban areas (see Table 10.5 for examples of sources). The heavy metals are 
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deposited on the soil surface from the atmosphere as products of fossil fuel com-
bustion of vehicles, power plants, and industrial processes.

Anthropogenic sources include production-related activities such as use, wear, 
and disposal of consumer and commercial products. Among the production-related 
activities, the high-temperature processes such as smelting of nonferrous metals; 
iron production; other industrial activities; waste incineration; phosphorus fertilizer 
production; coal, wood, and petroleum combustion are significant contributors to 
metal pollution. The bulk of the arsenic and cadmium emissions comes from metal 
smelters, whereas selenium is primarily contributed by coal combustion. Lead is 
introduced mostly by combustion of leaded gasoline. Environmental mercury is 
introduced by a mixture of technological activities, with energy generation respon-
sible for approximately 50% of the total.

In addition to the production-related processes, the normal use and wear of con-
sumer and commercial products are an important source of trace element releases. 
The dissipative consumption includes: weathering of paints and pigments (silver, 
arsenic, chromium, cadmium, copper, mercury, lead, and zinc); incineration of 
 discarded pharmaceuticals (silver, arsenic, chromium, and zinc), batteries (mercury, 
cadmium), electronic tubes (mercury), plastics (zinc) and photographic film 
( silver,); wear and weathering of electroplated surfaces (cadmium), leather (chro-

Table 10.5 Potential sources of heavy metals

Element Source

Arsenic Pesticides, fertilizers, plant desiccants, animal feed additives, copper 
  smelting, sewage sludge, coal combustion, incineration and incineration 
  ash, detergents, petroleum combustion, treated wood, mine tailings, parent 
  rock material

Cadmium Phosphate fertilizers, farmyard manure, industrial processes (electroplating, 
  nonferrous metal, iron, and steel production), fossil-fuel combustion, 
  incineration, sewage sludge, lead, and zinc smelting, mine tailings, 
  pigments for plastics and paint residues, plastic stabilizers, batteries, parent 
  rock material

Chromium Fertilizers, metallurgic industries, electric arc furnaces, ferrochrome 
  production, refractory brick production, iron and steel production, cement, 
  sewage sludge, incineration and incineration ash, chrome-plated products, 
  pigments, leather tanning, parent rock material

Nickel Fertilizers, fuel and residual oil combustion, alloy manufacture, nickel 
  mining and smelting, sewage sludge, incineration and incineration ash, 
  electroplating, batteries, parent rock material

Copper Fertilizers, fungicides, farmyard manures, sewage sludge, industrial 
  processes, copper dust, incineration ash, mine tailings, parent rock material

Lead Mining, smelting activities, farmyard manures, sewage sludge, fossil-fuel 
  combustion, pesticides, batteries, paint pigment, solder in water pipes, steel 
  mill residues

Manganese Fertilizers, parent rock material
Mercury Fertilizers, pesticides, lime, manures, sewage sludge, catalysts for synthetic 

  polymers, metallurgy, thermometers, coal combustion, parent rock material
Zinc Fertilizers, pesticides, coal and fossil-fuel combustion, nonferrous metal 
  smelting, galvanized iron and steel, alloys, brass, rubber manufacture, oil 
  tires, sewage sludge, batteries, brass, rubber production, parent rock material
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mium), plastics (zinc); and decomposition or combustion of treated wood (arsenic, 
chromium, copper). Whereas ambient air is the principal initial target of metal 
emission from some of these processes, it is the soil and surface waters that receive 
the bulk of the emissions from dissipative consumption, mainly via surface runoff 
and sewage-treatment plants. The relative contributions of consumption-related and 
production-related emissions to the total environmental loading of metals are 
largely unknown (Brown et al., 1990).

Metals emitted into the ambient air from various sources are carried different 
distances by the winds, depending on their state (gaseous, vapor, or particulate) 
before they fall or are washed out of the air onto land or the surface of the oceans. 
Particulate matter particle size is a decisive factor. Most metal associated with 
coarse particulate matter can be deposited 10 km of the point of emission. For the 
gaseous phase, deposition can take place 200–2,000 km from a source. The general 
short atmospheric residence times for the large fraction of airborne metals mean 
that changes in human activities contributing to emission to air are reflected fairly 
rapidly in local ambient concentrations (Brown et al., 1990). Hence a scaled analy-
sis of heavy metals in soils impacted by urbanization is of importance.

10.4.3 Local-Scale Heavy Metal Soil Contamination

Purves (1972) and Purves and Mackenzie (1969) were among the first workers to 
recognize that soils in urban and industrial areas contain elevated levels of poten-
tially toxic trace elements such as Cu, Pb, Zn, and B. Working in Edinburgh area, 
they found that the average urban soil contained more than 2 times as much availa-
ble B, 5 times as much Cu, 17 times as much Pb, and 18 times as much Zn as those 
collected from adjacent rural areas (Purves, 1972; Gilbert, 1989). Since then several 
studies have been undertaken to assess anthropogenic sources of heavy metals.

Within the developed world, there are many examples of high levels of contami-
nation within cities. For example, during the 1980s, in the UK, a national survey of 
house dusts in 53 representative villages, towns, and city boroughs revealed that in 
10% of the 5,228 homes tested, the Pb concentration was in excess of 2,000 mg g−1 
(Bullock & Gregory, 1991).

The concentrations of heavy metals (Cd, Cr, Cu, Hg, Ni, Pb, and Zn) and arsenic 
(As) were surveyed and the metal pools estimated in soils throughout Stockholm 
Municipality by Linde et al. (2001). Soils were sampled to a maximum depth of 
25–60 cm. The results demonstrate a wide range in heavy metal concentrations, as 
well as in other soil properties. In the city center soils, concentration levels were 
homogeneous, whereas outside this area no geographical zones could be distin-
guished. The city center and wasteland soils generally had enhanced heavy metal 
concentrations to at least 30 cm depth compared to park soils outside the city center 
and rural (arable) soils in the region, which were used to estimate background 
 levels. For example, the mean Hg concentration was 0.9 (max 3.3) mg kg−1 soil at 
0–5 cm and 1.0 (max 2.9) at 30 cm depth in the city center soils, while the background 
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level was 0.04 mg kg−1. Corresponding values for Pb were 104 (max 444) and 135 
(max 339) mg kg−1, at 0–5 and 30 cm, respectively, while the background level was 
17 mg kg−1.

The average soil pools at 0–30 cm depth of Cu, Pb, and Zn were estimated as 21, 
38, and 58 g m−2 respectively, which for Pb was 3–4 times higher and for Cu and 
Zn 1.5–2 times higher than the background level. The total amount of accumulated 
metals (down to 30 cm) in the city-center soils (4.5 × 106 m2 public gardens and 
green areas) was estimated at 80, 1, 1, 120, and 40 t for Cu, Hg, Pb, and Zn, 
respectively.

Three conclusions were drawn from the study: (1) from a metal contamination 
point of view, more homogeneous soil groups were obtained based on present land 
use than on geographic distance to the city center; (2) it is important to establish a 
background level in order to quantify the degree of contamination; and (3) soil 
samples must be taken below the surface layer (and deeper than 30 cm) in order to 
quantify the accumulated metal pools in urban soils (Linde et al., 2001).

Manta et al.(2002) applied principal components and cluster analyses to investi-
gate the sources of 11 heavy metals (Pb, Hg, Cu, Cr, Zn, Sb, Mn, V, Co, Ni, and 
Cd) in urban soils in Palermo (Sicily), Italy. Seventy topsoil (0–10 cm) samples 
were collected from green areas and public parks within the city. To account for the 
influence of lithology on heavy metal concentration, calcarenites, and cemented 
detritus samples were included for geochemical analysis. The results show that Hg, 
Pb, Zn, Cu, and Sb concentrations are higher for topsoils compared to their levels 
in unpolluted soils (at the world scale) and in the natural soils of Sicily. Cobalt, Cr, 
Ni, and Mn concentrations exhibit generally low levels, close to those reported for 
unpolluted soils. These metals also display quite homogeneous distributions across 
the city and therefore lower standard deviations, suggesting a major natural (i.e., 
indigenous lithologic) source. Cd and Mn values are comparable to values reported 
for natural soils worldwide and agree with those of natural soils in Sicily and those 
of rock samples collected in Favorita Park. Compared to average concentrations in 
urban soils, the median values of Pb in the analyzed soils are much lower than those 
reported for samples from some large and/or industrialized cities (i.e., Boston, cen-
tral Madrid, central London), but they are similar to those measured in smaller cit-
ies (i.e., Hamburg, Glasgow) and residential areas of London (London Borough). 
Copper, Cr, Co, Zn, V, and Ni concentrations are generally similar to those reported 
for other cities, while Mn contents are generally higher (Manta et al., 2002).

The Manta et al. (2002) study suggests that heavy metal concentrations of urban 
soils can be used as geochemical tracers for monitoring the impact of human activ-
ity, provided that background levels have been correctly interpreted and established. 
Topsoil samples from green areas in the city of Palermo show Pb, Zn, Cu, Sb, and 
Hg concentrations higher than those of natural soils in Sicily and comparable to 
those recorded in other important European cities. Based on the whole dataset, 
these metals are inferred to derive from anthropogenic sources, whereas Co, Ni, V, 
Cr, and Mn distributions are mainly controlled by lithogenic inputs. Except for a 
few anomalously high Cd values that are an expression of the influence of pollutant 
sources, relatively high levels of Cd in the investigated soils were interpreted to 
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reflect a natural enrichment by weathering and pedogenesis. Furthermore statistical 
analyses suggested that the most important source of the pollutant metals was 
vehicular traffic.

Soil samples collected at 10, 20, and 30 cm depths from 36 sites in Naples mani-
fested a decrease in total content of C, Cr, Pb, and Zn with depth (Imperato et al., 
2003). Moreover, high levels of all metals are found in sites of the eastern part of 
the city, corresponding with areas of heavy industry and where various oil refineries 
operate. Lead concentrations fluctuate throughout the city. The most contaminated 
soils are in the proximity of the motorway and streets with high traffic flows. Only 
soils on the northwest part of the city, which are characterized by greater elevations, 
contain low Pb levels. Despite the sharp increase of unleaded fuel utilization, fol-
lowed by a rapid decline of Pb levels in the atmosphere, the content of Pb in urban 
soil still remains high with a consequent associated risk for children via the soil–
hand–mouth pathway. About 14% of the overall analyzed soils showed levels of 
Cu, Pb, and Zn above the regulatory limits, forcing researchers to conclude that that 
the surface soils of Naples urban area appeared to be polluted in the order of Pb > 
Zn > Cu > Cr. Comparison between the 1999 data and those of 1974, revealed sig-
nificant increases in Cu, Pb, and Zn contents of the surface layer of all the Naples 
urban soils (Imperato et al., 2003).

The influence of land use on metal contents of soils of Seville was studied by 
Ruiz-Cortes et al. (2005). Fifty-two samples corresponding to five categories of 
land uses: agricultural, parks, ornamental gardens, riverbanks, and roadsides were 
analyzed. Lower organic C, total N, and available P and K contents were found in 
riverbank samples, probably due to the lack of manuring of those sites, left in a 
natural status. Concentrations of Cu, Pb, and Zn were clearly higher in soils from 
ornamental gardens, whereas the concentrations in the riverbank samples were 
slightly lower than the other categories. In contrast, other metals (Cd, Cr, Fe, Mn, 
and Ni) were uniformly distributed throughout all land uses. A strong statistical 
association was observed among the concentrations of Cu, Pb, Zn, and organic C, 
suggesting that the larger contents of these metals in ornamental gardens are partly 
due to organic amendments added to those sites more frequently than to other kinds 
of sites.

Soils in developing world cities also demonstrate high levels of heavy metal 
contamination. For example, trace metal distribution of soils in the Danang-Hoian 
area (Vietnam) was studied by Thuy et al. (2000), who compared industrial, urban, 
rural, and cropland. Cu, Ni, Zn, and Zr show significant effects in industrial areas. 
Extremely high levels of Pb (up to 742 mg g−1) are observed in the industrial soil 
category, which shows an enrichment factor of 114 compared to rural soils. Cd 
shows only a relative local enrichment with a maximum level of 4.6 mg g−1 in urban 
soils (Thuy et al., 2000). Industrial soils how the highest values of Pb, Zn, Ni, and 
Cu. Pb concentrations vary between 130 and 740 mg g−1 with an average concentra-
tion of 327 mg g−1. Pb contents of industrial soils were 46, 91, and 20 times higher 
than in rural, urban, and crop soils, respectively. Other metals such as Zn, Zr, Cu, 
and Ni have similar distribution patterns. The highest concentrations of Zn (717 
mg g−1) and Ni (240 mg g−1) were found in industrial soils. The elevation of Pb as 
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well as other metal contents may be caused by the deposition of dust emitted and 
waste from various industries (Thuy et al., 2000).

Intensive urbanization of the Croatian capital Zagreb has led to the entrapment 
of good agricultural soils, developed mostly on Pleistocene aeolian sediments and 
alluvial and proluvian Holocene sediments within urban and suburban areas. Romic 
and Romic (2003) studied the influence of urban and industrialized environments 
on the accumulation of metals in these soils. A total of 331 samples were taken 
according to a regular 1 × 1 km square mesh over 860 km2. The following concentration 
ranges were observed: Cd 0.25–3.85 mg kg−1 (average 0.66 mg kg−1); Cu 4.3–183 mg 
kg−1 (average 20.8 mg kg−1); Fe 5.8–51.8 g kg−1 (average 27 mg kg−1); Mn 79.2–
1,282 mg kg−1 (average 613 mg kg−1); Ni 0.70–282 mg kg−1 (average 49.5 mg kg−1); 
Pb 1.50–139 mg kg−1 (average 25.9 mg kg−1); and Zn 15.2–277 mg kg−1 (average 
77.9 mg kg−1). Factor analysis grouped Cd, Pb, Cu, Zn, and partially Ni into Factor 
1 characterized with strongly scattered anthropogenic influence. The elements in 
Factor 2, Fe, Mn, and partially Ni are mainly of pedogenic origin—composition of 
different regolithic substrates of the fluvial origin in recent pedogenesis. High con-
centrations of Ni are also related to morphogenetic characteristics of the wider 
region, primarily basic and ultrabasic magmatic rocks of the surrounding mountain 
range. It was also suggested that the anomalous Ni concentrations in the vicinity of 
the highway and the airport were caused by fuel combustion. Copper is character-
ized by strongly scattered anthropogenic influence, which is related particularly to 
uncontrolled solid-waste disposals or discharges of liquid waste from households 
or agricultural enterprises. With Zn, Pb, and Cd, there are two possible ways to dif-
fuse pollution. The Sava river, which drains the area and feeds the abundant 
Quaternary aquifer spreading below the major part of the investigated agricultural 
areas, have been exposed to intensive pollution by mining, industry, and cities in 
recent history. The part of the area with the highest determined concentrations of 
Zn, Pb, and Cd was repeatedly flooded as recently as the previous decade; there-
fore, the recent sedimentation of the river deposits exposed to pollution is a very 
probable cause of the accumulation of metals in this until recently inundation area. 
The other cause is atmospheric deposition of particles from urban sources (indus-
trial emission, traffic, waste disposals, and heating plants). In addition to agricul-
tural enterprises, several economically important, but ecologically risky, facilities 
are situated in the vicinity of the water-protection area. The area is intersected by a 
very busy ring road, while a marshalling yard, the city dump, pharmaceutical and 
chemical industry, the district-heating plant, and the airport are all located in close 
proximity.

Wang et al. (2005) also applied to principal components analysis to discriminate 
the sources of 30 heavy metals within the top 10 cm of Xuzhou soils in China. 
Three principal components accounted for over 70% variability in the data. The 
first principal component accounting for about 28% of the data showed a high load-
ing with Al, Ti, Ga, Li, V, Co, Pt, Mn, and Be. Furthermore, the metals showed a 
high correlation (P < 0.05) with clay content ranging from 0.45 for Ga to 0.76 for 
Mn. This suggests that the variability of the metals is mainly controlled by soil par-
ent material. Principal component II with high loadings on Ag, Se, Sc, Pb, Cu, Zn, 
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Cd, Au, Ni, S, and Mo and accounting for 24% variability was interpreted as 
anthropogenic factor connected with vehicular traffic. In particular, Zn compounds 
are employed as antioxidants in lubricating oils. The third principal component 
accounting for about 18% variability showed a high correlation with Bi, Cr, As, Hg, 
and Sb. It is related to the location of anthropogenic activities such as coal burning 
and similar industries in Xuzhou. Wang et al. (2005) further observed that Fe, Ba, 
Sn, Pd, and Br exhibited high loadings on both principal components I and II, sug-
gesting that the metals are affected by both natural and anthropogenic sources.

A recent study in the Bangkok metropolitan region sampled 30 soils for heavy 
metal concentrations at 0–5 cm depth along a north–south bound “main axis” with 
“suburb”, “central” and “industrial” branches defined at a right angle. All soils 
were Eutric or Dystric Gleysols derived from 2 to more than 30-year-old deposits 
consisting of clayey loam, quartz sand, and often high waste contents. In bulk soil 
and along the main axis also in aggregate core and surface fractions, Al, Cd, Cr, Cu, 
Fe, Mn, Ni, Pb, and Zn were sequentially extracted in seven fractions. At some sites 
the southern part of the study region Cd (up to 2.5 mg kg−1), Cu (283), Pb (269), and 
Zn (813) concentration were high. Based on a principal component analysis the 
metal groups (i) Al, Cr, Fe, Mn, and Ni dominated by the concentration of the par-
ent materials and (ii) Cd, Cu, Pb, and Zn dominated by anthropogenic input may be 
distinguished (Wilcke et al., 1998). This study also demonstrated that maximum 
total heavy metal concentrations in Bangkok soils were lower than in Manila, 
London, or Hamburg and except for Cd comparable to those of Hong Kong topsoil. 
There are, however, clearly contaminated sites which are concentrated on the south-
ern part of the studied Bangkok metropolitan region (Wilcke et al., 1998).

In Hong Kong, urban parks are built close to major roads or industrial areas, 
where they are subject to many potential pollution sources, including vehicular 
exhausts and industrial emissions. Soil samples and associated street dusts were 
collected from more than 60 parks and public amenity areas in old urban districts, 
industrial areas and new towns of the territory. Soils were also sampled in the 
remote country parks to establish the baseline conditions. The total concentrations 
of heavy metals and major elements in the samples were determined. The results 
indicate that urban soils in Hong Kong have elevated concentrations of Cd, Cu, Pb, 
and Zn. The parks with high metal concentrations are located in old urban com-
mercial districts and industrial areas, indicating that the major contamination 
sources in these soils are traffic emissions and industrial activities. In addition, the 
application of Cd-containing phosphate fertilizers may be an important source of 
Cd in urban park soils. The street dusts have highly elevated Zn concentration, par-
ticularly along the main trunk roads. The high Zn content in the street may come 
from traffic sources, especially vehicle tires.

Another study in Hong Kong by Chen et al. (1997) demonstrates that increases 
in trace metal concentrations in soils were generally extensive and obvious in urban 
and orchard soils, less in vegetable soils, whilst rural and forest soils were subjected 
to the least impact of anthropogenic sources of trace metals. However, some of the 
forest soils also contained elevated levels of As, Cu, and Pb. Urban soils in Hong 
Kong were heavily polluted by Pb from gasoline combustion. Agricultural soils, 



240 P.J. Marcotullio et al. 

both orchard and vegetable soils, usually accumulated As, Cd, and Zn originating 
from applications of pesticides, animal manures, and fertilizers. In general, trace 
metal pollution in soils of the industrial areas and Pb pollution in the soils of the 
commercial and residential areas were obvious (Chen et al., 1997).

A recent study in India investigated heavy metal pollution of soils near Thane-
Belapur industrial belt of Mumbai. Mumbai is a heavily populated industrial island 
city on the west coast of India, which is known as the commercial capital of the 
country. Fundamental to rapid urbanization are the numerous industries at Thane-
Belapur industrial area. It houses 400 industries within 20 km area with all types of 
process industries, including chemical, pharmaceutical, textile, steel, paper, plastic, 
and fertilizers (Krishna & Govil, 2005). Soil samples collected from surrounding 
industrial areas were analyzed for toxic/heavy metals. The results indicate enrich-
ment of the soils with Cu, Cr, Co, Ni, and Zn. The concentration ranges were: 
Cu 3.10–271.2 mg kg−1 (average 104.6 mg kg−1); Cr 177.9–1,039 mg kg−1 (average 
521.3 mg kg−1); Co 44.8–101.6 mg kg−1 (average 68.7 mg kg−1); Ni 64.4–537.8 mg 
kg−1 (average 183.6 mg kg−1); and Zn 96.6–763.2 mg kg−1 (average 191.3 mg kg−1) 
(Krishna & Govil, 2005).

Soils and dusts in two representative satellite cities (Uijeongby and Koyang) of 
Seoul, Korea demonstrated seasonal variations in metal concentrations through the 
rainy season. Concentrations of Cu, Pb, and Zn were higher than those of the world 
averages for soils, and their levels decreased after rain, particularly in highly con-
taminated samples. Relatively high pH values were found in roadside soils, but no 
seasonal variation was found after the rainy season. Dust samples had higher con-
centrations of Cu, Pb, and Zn than soil samples both before and after the rainy sea-
son. In terms of mobility and bioavailability of metals in soils and dusts, the order 
Zn > Cu > Pb is suggested. Geographical variations of total metals corresponded 
well with urbanized areas of cities, especially the industrial complex and major 
motorways.

Few studies are made on the potential soil Pb burden for small towns in rural 
environments. In one study, older homes were higher sources of higher levels of Pb, 
exceeding 1,000 mg g−1 than newer homes (Francek, 1992). The relationship, 
between home age and Pb level, was significantly positive (r = 0.59). Schools, 
which are mainly located away from heavily traveled roads and typically of brick 
construction have soil Pb concentrations at background levels. In general, the small 
city Pb burden is lower than in major urban areas. However, soils around older 
homes and in special locales, such as salvage yards, have Pb levels comparable to 
major urban areas.

While mean levels of Pb among different locations were weakly significant 
within small towns (Francek, 1992), median soil Pb levels were higher along the 
most heavily traveled roads (320 mg g−1) than background concentrations (200 mg 
g−1). This finding points to the importance of the intensity of activities within cities 
as a determinant of contamination. In another study, in Auckland, New Zealand, 
however, traffic flow as associated with larger differences of heavy metals. In areas 
were traffic was 50,000 vehicles or more per day, Pb levels were 2,200 mg g−1, 
compared to a background level of 14 mg g−1. The contamination levels have been 
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related to components of gasoline, motor oil, car tires, and the roadside deposition 
or residues from these materials.

Another study suggests that distribution of heavy metal pools is associated with 
different types of land-use infrastructure (Sorme et al., 2001). Over a course of the 
century, within Stockholm, Sweden, pools of metals have accumulated differen-
tially around infrastructure, buildings, homes, and enterprises. Data suggest that 
Cd, Cr, Cu, Hg, Ni, Pb, and Zn are associated differentially with various types of 
infrastructure.

Finally, another important factor in determining differences in soil heavy metal 
contamination include whether the soils were treated with sludge or manure. Those 
soils found to be pretreated with sludge or other amendments had higher levels of 
heavy metals than those that were not (Purves, 1972). At the same time, however, the 
nontreated urban soils still had higher levels of B, Cu, Pb, and Zn than rural soils.

In summary, soils in cities throughout the world are polluted with heavy metals. 
The distribution of these metals, however, varies by depth of soil and location 
around the city, largely dependent upon land use, intensity of human activity, infra-
structure and pretreatment, and of course, weather and wind patterns. Sometimes, 
bedrock sources are important in determining high levels of metals within soils. 
Surprisingly, high levels of pollutants, even higher than those in the developed 
world, are found in developing world cities.

10.4.4 Metropolitan-Wide Distribution of Heavy Metals

Concentrations of heavy metals in urban topsoil vary considerably across different 
cities possibly due to differences in socioeconomic development and enforcement 
of environmental regulations. The question that this section addresses is whether 
the pattern of soil contamination differs with distance from a city center. Put 
another way, this section presents the regional patterns of soil contamination.

One of the early studies on soil contamination in England was carried out by Davies 
(1984). The study investigated heavy metal contamination with respect to distance 
from the city center of Birmingham. It was postulated that contamination processes 
known to affect city soils and vegetable would extent beyond the city limit to affect 
rural soils. Concentrations of Cd, Cu, Pb, and Zn in soils and plants along a 22 km 
transect extending form the city center, revealed a general order of contamination 
urban > suburban > rural. The distance decline relationships modeled using polyno-
mial regression analysis and quadratic regressions yielded satisfactory fits. The initial 
hypothesis was confirmed arising from urban and industrial activities (Davies, 1984).

Judged by UK criteria (Pb = 65, Zn = 48, Cu = 16, and Cd = 1.6 mg kg−1 soil), 
Davies (1984) found that of the 31 soils analyzed throughout the urban region, 55% 
were contaminated by Pb, 68% by Zn, 71% by Cu, and 6% by Cd.

Lead concentrations were also measured in house dust, pavement dust, road 
dust, and garden soil in and around 97 inner-city houses in Birmingham, England 
(Davies, 1984;). The highest mean dust Pb concentration within the home, 615, 
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mg g−1, is noted in samples under the doormat. Generally the house dust Pb levels 
were lower than the national mean (507 mg g−1), although soil Pb concentrations 
were slightly higher. The age of the property was found to influence the Pb levels 
in both house dust and garden soil, with older houses (>35 years) having signifi-
cantly higher concentrations than newer properties (<35 years). Houses being deco-
rated at the time of sampling were found to have significantly higher Pb 
concentrations than those that were not. Elevated Pb levels were also noted in house 
dust and garden soil from houses located within a 500 m radius of commercial 
garages. Increased Pb concentrations were found in soil samples from gardens in 
close proximity to wastelands (demolition sites and tips), metal-using industries, 
and from those within 10 m of a road. Road dust samples from industrial areas had 
significantly higher Pb concentrations than those from residential areas.

In the USA, Carey et al. (1980) carried out studies of the heavy metals and pes-
ticides found in lawns and wastes from five cities and compared these samples to 
those obtained in the respective suburban areas. Lawn sites are defined by the 
authors as mowed areas near houses and other structures, mowed parks, gardens, or 
cultivated areas, and obvious house yards. Waste sites are defined as abandoned 
lots, small wooded lots, power and gas lines, and bare soil exposed around con-
struction sites, eroded areas, etc. The main source of the contamination appears to 
be from the deposition of metallic aerosols from industrial processes and/or the 
burning of fossil fuels. Lead has the highest concentrations followed by As in the 
urban areas. Results demonstrate that in almost every case there are higher levels 
of Pb, Hg, Cd, and Ar, in the inner city locations than in the suburban locations.

Burguera et al. (1988) investigated the Pb content of soil along the roadside in 
Merida city of Venezuela. Where motor vehicle traffic volume was <5,000 vehicles 
per day, almost no Pb accumulated was observed in the surface soil (0–2 cm), but 
where the motor vehicle traffic volume was >10,000 vehicles per day, levels of Pb 
increased by a factor of up about 18. The soil Pb content generally decreased with 
distance from the edge of the roadside and with depth of sampling.

Ordonez et al. (2003) characterized the elemental composition of street dust and 
soils in Aviles, northern Spain. Aviles is a medium-size city of approximately 
80,000 inhabitants, where industrial activities and traffic strongly affect heavy 
metal distribution. Elevated mean concentrations of Zn (4, mg g−1), Cd (22.3 mg g−1), 
and Hg (2.56 mg g−1) in street dust were found in industrial area samples. The 
researchers distinguished between two types of human influence. Metallurgical 
activity and transportation of raw materials for industries was the first and most 
important influence. The second includes exhaust emissions from traffic leading to 
elevated Pb concentration in areas with high vehicular density (mean 514 mg g−1). 
The Zn content in the dust samples decreased with the distance from a Zn smelter 
located in the northern part of the city. The same trend was found for other elements 
in association with Zn in the raw materials used by the smelter, such as Cd and Hg. 
A simultaneous research campaign of urban soils, that involved the collection of 
40 samples from a 10 km2 area, revealed mean concentrations of 376 mg g−1 Zn, 
2.16 mg g−1 Cd, 0.57 mg g−1 Hg, and 149 mg g−1 Pb. The distribution patterns were 
almost identical to those found for street dust (Ordonez et al., 2003).
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In New York City, Pouyat (1991) initiated a study examining the nutrient cycling 
rates along an urban–rural gradient from the center of the city to the Connecticut 
countryside. Heavy metal concentrations were determined in the forest floor and 
the soil at nine sites along the gradient. The level of contamination in the urban 
stands is high, in contrast to the relative uniformity of Mn concentration among the 
sites. Manganese is important because it may reach toxic plant levels and interfere 
with uptake of other nutrients. The lack of clear trends for Co, Cr, and Cu indicates 
the importance in other factors in distribution patterns. While the accumulation of 
these pollutants in the forest floor should be expected, the high levels in the surface 
mineral soil are surprising. The author explains this translocation on earthworm 
activity incorporating the contaminant-containing organic material into the surface 
mineral soil (see also Pouyat et al., 1997).

In summary, these studies demonstrate that for some pollutants a rural–urban 
gradient is evident, while for others the trend is less clear. To a large extent differ-
ences are associated with the importance of air pollution, and specific industrial 
activities. Other factors, related to urban activities also play a role in the patterns 
described, but more work and different techniques are needed to uncover their rela-
tive influence.

10.4.5 Urbanization and Heavy Metal Contamination 
at the Regional and Global Scale

Urban areas have historically been the sources of regional and global pollutants. 
Cities are particularly influential in global emissions of fossil fuels (Organization 
for Economic Cooperation and Development, 1995). Studies have been carried 
out to assess the impact of fossil-fuel burning on agricultural lands further afield 
(Chameides et al., 1994). Chameides et al. (1994) reports that the most pronounced 
impact are in three regions of the northern midlatitudes: (i) North America, 
(ii) Europe, and (iii) eastern China and Japan. Within each of these regions, intense 
urban-industrial and agricultural activities tend to cluster together into a single 
large network, or plexus, of lands affected by human activity called CSMAPs. 
Certainly, “Giant Brown Clouds” or “Atmospheric Brown Clouds” are associated 
with urbanization.13 Not only do these regions account for about 75% of the world’s 
consumption of commercial energy and fertilizers, but they are also the major 
sources for atmospheric pollutant such as nitrogen oxides (NO

x
), which along with 

ozone (O
3
) and volatile organic compounds (VOC), are important precursors to 

photochemical smog refers.
High concentrations of O

3
 in and around urban areas, combined with growing 

 numbers of automobiles and expanding roadway networks and increasing reliance on 
nitrogenous fertilizers, has greatly increased the spatial scale of photochemical smog 

13 See for example http://www.nasa.gov/vision/earth/environment/brown_cloud.html.
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in the CSMAPs. Regional O
3
 pollution, often associated with summertime, can 

extend over thousands of kilometers and encompass agricultural as well as urban 
areas. The repetition of episodes of O

3
 pollution over a growing season produced a 

pattern of chronic exposure that ultimately reduces crop yields (Chameides et al., 
1994).

Simulations suggest that a sizable portion of the world’s food crops are presently 
exposed to high NO

x
 emissions from CSMAPs. In fact, simulations for China sug-

gest that as nonurban O
3
 increases with industrialization, its effects on crops could 

hinder efforts to meet increasing food demands in the coming decades (Chameides 
et al., 1999).

10.5 Conclusion

This assessment of the impact of urbanization on soils is preliminary. The review 
only provided a cursory view of current trends and conditions globally. 
Notwithstanding the limitations, however, the study does demonstrate the dramatic 
impact that urbanization has on soils. Two particularly important areas demand 
further attention. First, cities and urban processes have had significant but varying 
impacts on soils structure, pH, and pollutant loads. One important conclusion of 
this review is that outside of very general conclusions, it is difficult to predict the 
impacts of urbanization on soils within any one location. Much depends upon both 
the unique conditions of the site and the direct and indirect factors creating change. 
This suggests the need for more studies throughout the world. It also suggests we 
need to perform a global assessment in this area to further identify common pat-
terns and processes as well as unique circumstances.

Second, the study demonstrates that increasingly cities are impacting soils at 
different scales. That is, the power of urban activities to influence the biophysical 
and chemical conditions of soils at a distance is increasing. Given the growing 
importance of urban populations, this finding alone prompts us to further research 
and demands policy measures.

In terms of the specific implications of the findings for management and policy, 
we conclude that there is enough evidence of soil pollutant contamination in 
developing world cities at high-enough levels that warrant immediate and urgent 
action. Work on soil protection and remediation in these locations should be highly 
encouraged. This could be in through soil vapor extraction, chemical treatment, soil 
washing, biosorption, or phytoremediation. Of course, not all developing world 
cities have levels of pollution of concern. Responses will depend upon the industrial 
and increasingly mobile source levels, as well as the most efficient and appropriate 
form of remediation available. Of primary concern are those areas in the developing 
world that are growing through rapid industrialization.

We also conclude that there is much more work needed in this area. For one, this 
specific review warrants a full global assessment of the impact of urbanization on 
all environmental media. Given the importance of soils and the growing impacts 
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identified in the study, a multiscale global assessment, similar to the Millennium 
Ecosystem Assessment for soils is desperately needed. Specific work that links 
urban activities to soils at a distance is a research area that has yet to emerge. 
Furthermore, we need to use and further develop new methods with which to study 
the impact of urban activities on soils. Certainly, current methods, such as urban–
rural gradient analysis, has been helpful, but newer techniques, using GIS and satel-
lite imagery, also promise to further our understanding of urban growth and soil 
quality and would focus on larger scales. Advances in these areas should therefore 
be promoted. Finally, studies of the impact of soils by urban activities can provide 
an important area for furthering interdisciplinary research (IDR). IDR is believed 
to be of increasing importance in environmental studies. We argue that studies of 
soils should include researchers from the social as well as physical sciences, par-
ticularly when identifying and analyzing forces that contribute to changes in soil 
biogeochemistry.
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