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Degradation and resilience of soils

R. LAL
School of Natural Resources, The Ohio State University, 2021 Coffey Road, Columbus OH 43210-1085, USA

SUMMARY

Debate on global soil degradation, its extent and agronomic impact, can only be resolved through
understanding of the processes and factors leading to establishment of the cause-effect relationships for
major soils, ecoregions, and land uses. Systematic evaluation through long-term experimentation is
needed for establishing quantitative criteria of (i) soil quality in relation to specific functions; (ii) soil
degradation in relation to critical limits of key soil properties and processes; and (iii) soil resilience in
relation to the ease of restoration through judicious management and discriminate use of essential input.
Quantitative assessment of soil degradation can be obtained by evaluating its impact on productivity for
different land uses and management systems. Interdisciplinary research is needed to quantify soil
degradation effects on decrease in productivity, reduction in biomass, and decline in environment quality
through pollution and eutrophication of natural waters and emission of radiatively-active gases from
terrestrial ecosystems to the atmosphere. Data from long-term field experiments in principal ecoregions
are specifically needed to (i) establish relationships between soil quality versus soil degradation and soil
quality versus soil resilience; (i1) identify indicators of soil quality and soil resilience; and (iii) establish
critical limits of important properties for soil degradation and soil resilience. There is a need to develop
and standardize techniques for measuring soil resilience.

1. INTRODUCTION

Soil degradation has raised some serious debate, and
it i3 an important issue in the modern era (Blaikie &
Dregne 1985; Brookfield 1987; UNEP 1991, 1992;
Oldeman 1994; Johnson & Lewis 1995; Gardner
1996). Some believe that erosion and soil degradation
have disastrous effects on agricultural productivity
(Brown 1995; Pimentel et al. 1995; Scherr & Yadav
1996). Others argue that productivity loss due to
erosion and soil degradation is hardly 59, (Crosson &
Anderson 1992; Crosson 1995). Further, statistics on
soil degradation are often based on subjective meth-
odology, and not related to productivity, soil and crop
management, or land use.

Freshwater is now scarce in many regions of the
world (Lvovitch 1971; Postel 1992; Postel et al. 1996).
It constitutes only 2.5 9, of the total volume of water on
Earth, and only about one-third of this water (0.77 9,
of the total) is held in aquifers, soil, lakes, swamp,
rivers, plant life and the atmosphere (Colenbrander
1973, 1978; Dooge 1973). The number of countries
with scarcity of freshwater for human consumption
(including agricultural and industrial use) was 20 in
1990, and will increase to 30-35 by 2025 (Engelman &
LeRoy 1993). Between 1990 and 2025, the number of
people affected by water scarcity will increase from 130
million to about one billion.

Soil and water degradation are also related to
overall environmental quality, of which water pol-
lution and the ‘greenhouse effect’ are two major
concerns of global significance. The atmospheric
concentration of CO, has increased by 309, from
280 ppm in 1850 to 360 ppm in 1995 (IPCC 1995).
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The increase has occurred due to two principal
anthropogenic activities, namely land use and fossil
fuel burning. The global release of soil organic carbon
(SOC) from agricultural activities has been estimated
at 800 Tg Cyr" (T = tera = 10") (Schlesinger 1990).
Soil biological degradation—decreases in SOC and bio-
mass carbon contents—is an important factor leading
to C emission from soil to the atmosphere, and is closely
linked to soil quality. The latter is defined as the
capacity of soil to produce economic goods and services
and to perform environmental regulatory functions
(Lal 1993; Doran & Parkin 1994; Doran et al. 1996).
In addition to CO,, other important greenhouse gases
include CH, and N,O. Atmospheric concentration of
CH, has increased from 0.8 ppm in 1750 to 1.72 ppm
in 1990, and of N,O from 290 ppb in 1750 to 310 ppb
in 1990 (Engelman 1994; IPCC 1995). A large part of
these gaseous emissions is due to soil related processes.

Increase in the human population has increased
demands on soil resources for numerous other functions,
and has been a principal cause of global deforestation
and conversion to agricultural land use (Richards
1990). In addition to production of food, fuel, fibre and
building materials, soils are increasingly used for: (i)
biomass production for industrial use; (ii) environ-
mental regulation through buffering biochemical trans-
formations—bioremediation; (iii) retention of a large
gene pool; (iv) engineering and military uses; (v)
aesthetic and cultural uses; and (vi) archaeological
functions. Soil degradation and resilience must be
evaluated in terms of all of these functions.

The objective of this paper, therefore, is to discuss
basic concepts of soil degradation and resilience,
describe the economic impact of soil degradation,

© 1997 The Royal Society
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explain methods of assessment and prediction of soil
resilience, and identify research and development
priorities for soil restoration and environmental quality
enhancement.

2. SOIL DEGRADATION

(a) Basic concepts

Soil degradation is the loss of actual or potential
productivity or utility as a result of natural or
anthropogenic factors (Lal 1994 ¢). Essentially, it is the
decline in soil quality or reduction in its productivity
and environmental regulatory capacity. Soil
degradative processes, mechanisms that set in motion
the degradative trends, include physical, chemical and
biological processes (figure 1). Important among the
physical processes is decline in soil structure, leading to
crusting, compaction, erosion, desertification, anaero-
biosis, environmental pollution, and unsustainable use
of natural resources. Significant chemical processes
include acidification and leaching, salinization, re-
duction in CEC and loss of fertility. Biological processes
include reduction in total and biomass carbon, and
decline in soil biodiversity (figure 1). Soil structure is
the important property that affects all three
degradative processes.

Factors affecting soil degradation are biophysical
environments, which determine the kind of degradative

processes, such as erosion and salinization. These
include soil quality, which is affected by its intrinsic
properties, climate, terrain and landscape position,
and climax vegetation and biodiversity, especially the
soil biodiversity. Causes of soil degradation are the
agents that determine the rate of soil degradation.
These are biophysical (land use and soil management,
including deforestation and tillage methods), socio-
economic (e.g. land tenure, marketing, institutional
support, income and human health), and political (e.g.
incentives, political stability) forces that influence the
effectiveness of processes and factors of soil degradation.
Soil degradation is a biophysical process driven by
socioeconomic and political causes (see figure 2). High
population density is not necessarily related to soil
degradation. What the population does to itself and to
the soil that it depends on determines the extent of soil
degradation. People can be a major asset in reversing
the degradative trend (Tiffen et al. 1994). However,
subsistence agriculture, poverty and illiteracy are
important causes of soil and environmental degra-
dation. People must be healthy and politically and
economically motivated to care for the land.
Susceptibility to degradative processes can be
grouped into five classes (table 1). Soils, depending on
their inherent characteristics and climatic conditions,
range from highly resistant or stable to extremely
sensitive and fragile. Fragility, extreme sensitivity to

Soil Degradation

y A
Processes Factors Causes
A
A A A
Physical Chemical Biological Soil Climate Terrain Vegetation Bio- Socio— Political
) physical economic

1. Structural 1. Acidifica- 1.Reduction 1. Soil 1. Precipita- 1.Slope 1.Biomass 1.Land use 1. Tenure 1. Political

decline tion in soil inherent tion 2.Drainage 2.Biodiver— 2.Deforesta- | |2.Institu- stability
2.Crusting 2. Salinization biodiversity properties 2. Seasons density sity tion tional 2.Policies
3.Compac- 3.Decrease in| |2.Decrease in +physical 3.ET 3.Landscape| |3.Succession| |3.Cropping strength

tion CEC SOC «chemical 4. Tempera- position systems 3. Markets
4. Erosion 4.Leaching *biological ture 4.Soil and 4. Poverty
5. Anaero— 5. Volatiliza- <horizon— crop 5. Health

biosis tion ation manage-

6. Nutrient 2. Parent ment
imbalance material stillage
«drainage
Y ' A y A y
1. Decline in soil quality
2. Reduction in biodiversity
Figure 1. Processes, factors, and causes of soil degradation.
Subsistence Poverty & Poor health Political Soil
agriculture illiteracy and malnutrition instability degradation
4

Figure 2. Socio-economic and political causes of soil degradation.
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Table 1. Soil degradative classes

R. Lal 999

susceptibility to

class degradation description

0 resistant extremely resistant to stress and very stable
1 slight resistant to stress and stable

2 moderate susceptible to stress and moderately stable
3 severe highly susceptible to stress and unstable

4 extreme extremely susceptible and fragile

degradative processes, may refer to the whole soil, a
degradative process (e.g. erosion) or a property (e.g.
soil structure).

Stable or resilient soils do not necessarily resist
change. They are in stable equilibrium with the new
environment. Fragile soils degrade to a new equi-
librium under stress, and the altered state is un-
favourable to plant growth and environmental regu-
latory capacity.

(b) Regional and global effects of soil degradation
on productivity

Information on the economic impact of soil degra-
dation by different processes on a global scale is not
available. Some information for local and regional
scales is available. In Canada, for example, on-farm
effects of soil degradation were estimated to range from
$700 to $915 million in 1984 (Girt 1986). The economic
impact of soil degradation is extremely severe in
densely populated South Asia (Tolba & El-Kholy
1992; UNEP 1994), and sub-Saharan Africa (Lal
1995).

Soil compaction is a worldwide problem (Soane &
Ouwerkerk 1994), especially so with the adoption of
mechanized agriculture. Severe compaction has caused
yield reductions of 25-50 9%, in some regions of Europe
(Ericksson et al. 1974) and North America (Raghavan
et al. 1978, 1990), and 40-90 9, in some parts of West
Africa (Charreau 1972; Kayombo & Lal 1994). In
Ohio, Lal (19964) reported reductions in crop yields
by 259, in maize, 209, in soybeans, and 309, in oats
over a seven-year period. On-farm losses due to soil
compaction in the United States alone have been
estimated at $1.2 billion per year (Gill 1971).

Accelerated soil erosion is another principal cause of
soil degradation (Lal 1984, 19894). As with com-
paction, few attempts have been made to assess the
global economic impact of erosion. On plot and field
scales, erosion can cause yield reductions of 30-90 9,
in some root-restrictive shallow soils of West Africa
(Mbagwu et al. 1984; Lal 1987). Yield reductions of
20-409, have been measured for row crops in Ohio
(Fahnestock et al. 1995; Changere & Lal 1995) and
elsewhere in the mid-west USA (Gantzer & McCarty
1987; Mokma & Sietz 1992; Olson & Nizeyimana
1988; Schumacher et al. 1994). In the Andean region
of Colombia, Reining (1992), Ruppenthal (1995) and
others from the University of Hohenheim, Germany,
have observed severe losses due to accelerated erosion
on some soils. On a global scale, Dregne (1990)
observed that productivity of some soils in Africa has
declined by 20 9, due to soil erosion and desertification.

Phil. Trans. R. Soc. Lond. B (1997)

Lal (1995) reported that yield reduction in Africa due
to past soil erosion may range from 2-409%,, with a
mean loss of 8.29, for the continent. If accelerated
erosion continues unabated, yield reductions by the
year 2020 may be 16.59,. Annual reduction in total
production for 1989 due to accelerated erosion was 8.2
million tonnes (Mt) for cereals, 9.2 Mt for roots and
tubers, and 0.6 Mt for pulses (Lal 1995). There are also
serious (209,) productivity losses due to erosion in
Asia, especially in India, China, Iran, Israel, Jordan,
Lebanon, Nepal and Pakistan (Dregne 1992). In South
Asia, annual loss in cereal productivity caused by
water erosion is estimated to be 36 Mt, equivalent
to $5400 million, with a further $1800 million loss due
to wind erosion (UNEP 1994). Pimentel e/ al. (1993)
estimated the total annual cost of erosion from
agriculture in the USA to be about $44 billion per
year, about $100 per acre of crop land and pasture.
Globally, the annual loss of 75 billion tonnes of soil
costs (at $3 per tonne of soil for nutrients and §2 per
tonne of soil for water) the world about $400 billion per
year, or more than $70 per person per year.

Nutrient depletion is another principal process of soil
degradation, with severe economic impact at a global
scale, especially in sub-Saharan Africa. Stoorvogel et al.
(1993) estimated the nutrient balances for 38 countries
in sub-Saharan Africa. Annual soil fertility depletion
rates were estimated at 22 kg of N, 3 kg of P and 15 kg
of K ha™'. Stocking (1986) estimated the economic
costs of the nutrient loss (N, P and K) by soil erosion
in Zimbabwe. The annual losses of N and P alone
totalled $1.5 billion. In South Asia, annual economic
loss is estimated at $600 million for nutrient loss by
erosion, and $1200 million due to soil fertility depletion
(UNEP 1994).

Salt-affected soils occupy an estimated 950 million
ha of land in arid and semi-arid regions, nearly 33 9, of
the potentially arable land area of the world (Gupta &
Abrol 1990). Productivity of irrigated lands is severely
threatened by build-up of salt in the root zone. In
South Asia, annual economic loss is estimated at $500
million from waterlogging, and $1500 million from
salinization (UNEP 1994). The potential and actual
economic impacts on global scale are not known. Soil
acidity, and the resultant toxicity caused by high
concentrations of aluminium and manganese in the
root zone, are serious problems in sub-humid and
humid regions (Oldeman 1994). Once again, the
economic impact on a global scale is not known.

In the context of these global economic and
environmental impacts, and deterioration of numerous
soil functions of value to humans, soil degradation and
resilience concepts are relevant. They are especially
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important in developing technologies for reversing soil
degradative trends and mitigating the greenhouse
effect through soil and ecosystem restoration. Soil
resources are essentially non-renewable. Hence, it is
necessary to adopt a positive approach to sustainable
management of these finite resources.

(¢) Degradation of an Alfisol in western Nigeria

Alfisols, the predominant soils of the sub-humid
regions of West Africa, are easily degraded with
continuous cultivation. Several experiments were con-
ducted on Alfisols at ITTA, Ibadan, Western Nigeria,
to evaluate agricultural sustainability of a wide range
ofland use and soil management systems (Lal 19764, b;
19894, b, ¢, d). The management systems evaluated
included tillage systems, mulch farming, agroforestry,
cover crops and ley farming. SOC content was selected
as an indicator of soil degradation or quality. An eight-
year tillage experiment in which two crops were grown
each year, using recommended fertilizer rates, showed
that maize grain yield (equation (1)), SOC content
(equation (2)) and the C : N ratio (equation (3))
followed a quadratic function. These parameters are
interrelated: they increased for the first four years and
then declined with continuous cultivation.

Y=103+156 T-0.18 T2, R*=0.9, (1)
SOC =5.024+4.11 T—0.48 T2 R* = 0.7, (2)
C:N =4.60+2.02 T-0.15 T2 R* = 0.6, (3)

where Y is grain yield in Mt ha™" yr!, 7 is time in
years since deforestation, and SOC and N contents are
in g kg™, Grain yield was significantly correlated with
SOC and clay contents (Lal 1997 a, b), which declined
with cultivation duration.

Another long-term tillage and residue management
experiment conducted over a five-year period showed
that total SOC content was more for no-till (equation
(4)) than plow till (equation (5)), and the rate of SOC
decline with time also differed among tillage methods.

SOCyy = 10.2+7%%, R = 0.97, (4)
SOC,y = 2.38 472, R? = 0.96, ()

where ¢ is time in months. An experiment conducted
with different mulch rates showed that SOC content
decreased linearly with duration after deforestation,
and the rate of decline in 0-10 cm depth was 0.045,
0.043, 0.042, 0.036 and 0.036 kg m®* month™" for mulch
rates of 0, 2, 4, 6 and 12 Mt ha ' season™ ', respectively
(Lal et al. 1980).

Cropping/farming systems also have a significant
impact on soil degradation. An eight-year watershed
management experiment showed that the SOC content
was lower under alley cropping (equation (6)) than
mucuna fallow (equation (7)) or ley farming (equation

(8)) (Lal 19965, ¢):

SOC = 2.114¢72 R2 = (.74, (6)
SOC = 2.22 477092 R = 0.67, (7)
SOC = 2.23 4 ¢ "% R = (.78, 8)

where ¢ is time in months.

Phil. Trans. R. Soc. Lond. B (1997)

Severe problems of soil degradation in west Africa
are due to land misuse and soil mismanagement, harsh
climate, the susceptibility of the soil to degradation,
and predominance of resource-based and exploitative
agricultural systems based on low external input and
soil-mining systems. Decline in soil structure is the
major problem, and this is accentuated by a reduction
in SOC content (Nye & Greenland 1960) and de-
pletion of soil fertility. Unless soil structure is improved,
application of fertilizers alone is not sufficient to curtail
the soil degradative processes.

Rapid SOC decline, despite high rates of organic
mulch application, may be due to lack of essential
nutrients N, P and S. If SOC content is to be increased
by 10000 kg ha™, it would require about 67 Mt of crop
residues, 833 kg of N, 200 kg of P and 143 kg of S
(Himes 1997). Here lies one of the important reasons
for severe soil degradation observed in low-input or
subsistence agricultural systems, widely practised in
sub-Saharan Africa. Along with substantial and reg-
ular applications of biomass, the addition of plant
nutrients as inorganic fertilizers and organic amend-
ments is also essential to improve soil quality and
restore productivity of degraded soils.

3. SOIL RESILIENCE

Resilience is an ecological concept that involves
several attributes that govern responses to disturbance
or stress (Holling 1973 ; Patten 1974 ; May 1976, 1978;
Holdgate & Woodman 1978; Mitchell 1979; Pimm
1984 ; Hill 1987; Mortimore 1988, 1989; Barrow 1991;
Peters 1991). Several terms used in ecology with rele-
vance to soil resilience are: (i) resilience, the ability
to resist change or recover to the initial state; (ii)
resistance, the ability to resist displacement from the
antecedent state; (iii) elasticity, the rate of recovery;
(iv) amplitude, the range of change in a property from
which recovery is possible; (v) hysteresis, the diver-
gence in the recovery path or pattern; and (vi)
malleability, the difference in the new versus the
antecedent state.

These ecological concepts have been applied to
natural ecosystems, e.g. forest resilience (Whitaker
1975; Westman 1978; Jordan 1987; Scott 1987), and
to soils and their management (Blum 1990, 1994 ; Blum
& Aguilar 1994; Szabolcs 19944, b; Lal 19944, b).
Therefore, soil resilience refers to the ability of soil to
resist or recover from an anthropogenic or natural
perturbation. Most soils do not offer resistance to
perturbation, but are able to recover. The extent and
the rate of recovery are high for a resilient soil.
Resilient soils have high elasticity and amplitude, and
low malleability. Some resilient soils may also be
hysteretic because of inherent soil properties that
influence the recovery path.

There are a number of processes, factors and causes
of soil resilience which are analogous to soil degra-
dation (figure 3). Processes of soil resilience refer to
mechanisms that influence ability and rate of recovery.
Important among these are the rates of new soil
formation, aggregation, SOC accumulation, nutrient
cycling and transformation, leaching of excess salts,
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Soil Resilience
A
Processes Factors Causes
A
Y 4 Y r
Soil Nutrient Succession Soil Terrain Climate Biodiversity Land use & Socio- Political

formation cycling quality management economic
1. Weather- 1.BNF 1. Population 1.Inherent 1. Slope 1. Precipita- 1. Vegetation| | 1. Silvicul- 1.Land 1. Sensitivi-

ing 2. Nutrient dynamics properties « aspect tion 2. Soil bio— ture, rights ties
2.Aggrega- transforma-| |2.Community| | 2.Parent *shape 2. Water diversity pastural, 2. Institu- 2. Incentives

tion tions interactions material «length balance arable tional 3. Policies
3.80C 3.Leaching gradient 3.Radiation 2.Manage- support 4. Legislation

accumula- 2. Drainage 4. Tempera- ment 3.Income

tion ture 3. Natural 4.Education

ecosystem 5.Gender
4.Urban land issues
use 6.Equity
y y A A
1. Soil quality enhancement
2. Increase in biodiversity

Figure 3. Processes, factors and causes of soil resilience (SOC: soil organic carbon; BNF: biological nitrogen fixation)

High High Stable High
Intensive profitability living government soil
agriculture and income standard and and resilience
literacy institutions
Z
N

Figure 4. Socio-economic and political forces that affect soil resilience.

Table 2. Soil resilient classes

class resilience description

0 highly resilient rapid recovery, high buffering

1 resilient recovery with improved management

2 moderately resilient slow recovery with high input

3 slightly resilient slow recovery even with change in land use
4 non-resilient no recovery even with change in land use

and increases in biodiversity, including species’ suc-
cession. Factors of soil resilience refer to the biophysical
characteristics that govern the rate, path and pattern
of recovery, and amplitude and malleability. Im-
portant factors include terrain characteristics, land-
scape position, soil quality, parent material, climate,
water balance, vegetation and soil biodiversity. What
causes solls to express resilience are the socio-economic
and political forces that govern land use, land rights,
institutional support, and income. Processes governing
soil resilience depend on its intrinsic properties, but are
driven by socio-economic and political forces (figure
4).

Extensive and subsistence agriculture can lead to
degradation, because of inappropriate land use and soil

Phil. Trans. R. Soc. Lond. B (1997)

mismanagement. Intensive agriculture, based on ap-
propriate land use and scientific management, can lead
to soil restoration through the exercise of resilience,
although if badly managed, it can also lead to rapid
degradation.

Soils can be grouped into different classes according
to their degree of soil resilience (table 2). Highly
resilient soils have high buffering capacities, high rates
of recovery, and large amplitudes. Fragile soils are
unstable, cannot recover to the initial state, and may
have lost some or all of their specific functions in the
new state. Soil functions are an important aspect of soil
resilience. Soil is resilient if the new state can perform
its functions efficiently and profitably. Non-resilient
soils become dysfunctional following a perturbation.
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Table 3. Indicators of soil degradation and soil resilience

degradative process

indicators of soil degradation

indicators of soil resilience

(1) erosion (1) erosivity (i) structural resilience
(i1) SOC depletion (il) topsoil loss (ii) soil renewal rate
iii) acidification ii1) depletion constan iil) accretion constan
dificat (iii) deplet tant t tant
iv) nutrient depletion iv) decline in iv) increase in base saturation
trient deplet decl pH b turat
V) compaction v) leaching v) buffering capaci
pact leaching buffering capacity
(vi) decline in CEC (vi) nutrient cycling
(vii) decline in nutrient reserves (vii) biological N fixation
(viil) susceptibility to compaction (viii) swell-shrink capacity
(xi) crusting (ix) self-mulching
(x) soil biodiversity

There are different indicators of soil degradation
and resilience (table 3). Indicators of degradation are
used to evaluate relative susceptibility to degradative
processes. In contrast, indicators of soil resilience can
be used to assess the ease or rate of restoration. Specific
indicators may differ among soils and land uses.

An example of soil resilience is available from the
data for an Alfisol in western Nigeria. The watershed
experiment conducted at IITA showed the resilient
characteristics of Alfisols when put under a restorative
natural fallow. The infiltration rate under traditional
cropping declined from 156 cm h™" under forest to
1.9em h™' after four years of cultivation. When
reverted back to natural fallow, regrowth was allowed
to develop, the infiltration rate increased to 24.0 cm
h™" 43.2cmh™ 115.8 cmh ' and 193.0 cm h™ in one,
two, three and four years of fallowing, respectively (Lal
1994a). Another experiment on the use of planted
fallows and cover crops showed significant improve-
ments in SOC content and soil structure. The rate of
SOC sequestration in 0-10 cm depth was 1.5-2.6 Mt
ha™' yr!' for grasses and 1.5-2.2 Mt ha™' yr ' for
legumes (Lal et al. 1979). A high rate of SOC
improvement was observed under Melinis (7.1 Mt ha™*
yr ') and Glycine (12.3 Mt ha ' yr™') covers (Lal et al.
1978).

4. SOIL QUALITY AND SOIL RESILIENCE

Soil quality and soil resilience are interrelated but
dissimilar attributes. Soil quality is related more to
productivity and other functions than the ability of the
soil to restore itself after a perturbation. Soil quality,
productivity and environmental regulatory capacity,
affect soil resilience. Resilient soils have high soil
quality and vice versa. However, indicators of soil
quality and resilience may be different for different
functions (table 4), and may also differ between soils.
In relation to soil productivity, indicators of soil
quality are soil depth, and water and nutrient use
efficiencies. Comparable indicators of soil resilience in
relation to productivity are responses to input or
management and rate of change of soil properties with
restorative measures. Identification of indicators of
resilience may be useful prior to adopting a land use
that may have drastic effects on soil quality, e.g. land
disposal of industrial or solid waste, brick making,
growing turf for use in urban centres.

Phil. Trans. R. Soc. Lond. B (1997)

Soil quality can be assessed by developing pedo-
transfer functions relating crop yield to soil properties
(equation (1)). Such pedotransfer functions are soil
and crop specific (equation (9)):

y =JISOCX S RyeaN.By), (9)

where y is biomass yield, SOC is soil organic and
biomass carbon, S, is an index of structural properties,
R, is effective rooting depth, ¢, is charge density related
to surface area, N, is nutrient reserve, and B, is a
measure of soil biodiversity. Such functions are useful
in planning soil and crop management strategies in
relation to expected output. In comparison, knowledge
of soil resilience and attributes affecting output is useful
to manage stress or perturbation by providing an
answer to the following questions: (i)can soil quality be
restored to the antecedent state after perturbation? (ii)
What is the rate of soil quality restoration? (iii) Can
soil quality be restored following successive stresses?
(iv) Can soil quality restoration be predicted through
pedotransfer functions? (v) What is the cost of soil
restoration? Analogous to equation (1), pedotransfer
functions can be developed to predict soil restoration
(equation (10)):

S, =f1SOCx S.Rye N By), (10)

where S is soil resilience, SOC" is the rate of accretion
or accumulation of total and biomass carbon, S, is the
structural resilience index, R, is the change in rooting
depth through soil renewal, ¢, is the change in charge
properties, N, is the improvement in nutrient reserve,
and B, is the rate of increase in soil biodiversity.

Variables listed in equations (1) and (2) may be
different for different soils and functions. Further,
combination of these variables to develop specific
pedotransfer functions may also be done additively
rather than multiplicatively, or by other relevant
statistical or numerical analysis procedures.

Soil quality and resilience also differ in relation to
critical limits and threshold values of key soil attributes.
Soil quality, as measured by productivity, 1s affected
by degradative processes which govern the net primary
productivity (NPP) and the maximum sustainable
yield. The latter is the quantity of biomass that can be
harvested without jeopardizing soil quality. Soil qual-
ity may be regulated by controlling the yield, e.g. only
509, of the biomass produced may be harvested from
some soils, compared with 70 9, in others. The quantity


http://rstb.royalsocietypublishing.org/

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

Degradation and resilience of soils R. Lal 1003
Table 4. Indicators of soil quality and soil resilience
soil function indicators of soil quality indicators of soil resilience
1. productivity (1) soil depth (1) response to input
2. environment regulation (i1) water and nutrient use efficiencies (i1) change in soil properties with
restorative measures
3. urban use (iii) soil erosivity (ii1) buffering capacity
4. industrial use (iv) SOC content (iv) SOC accretion rate, high surface area
and charge density
(v) swell-shrink capacity for strong (v) horizonation, uniformly deep profile
foundation with high productivity of subsoil, e.g.
brick making, road construction
(vi) texture to facilitate waste disposal (vi) bioremediation, elemental

transformations

Table 5. Critical limit concept applied to soil degradation and resilience concepls

process soil degradation soil resilience

1. erosion (1) decline in soil structure SOC content (1) threshold values of soil renewal and
and infiltration beyond which erosion ameliorative rates in soil structure to let
rate is very serious eroded soil recover

2. acidification (ii) decline in soil pH and increase in (i1) high buffering capacity to restore a soil
concentration of Al to influence crop pH which favourable to crop growth
growth drastically and soil chemistry quality

3. biological degradation (111) decline in SOC content to a level at (i11) threshold value of total SOC content
which it adversely affects soil structure, and turnover rate enables restoration of
and adversely affects the population soil structure, improves biomass
and activity of soil production, and increases the rate of

SOC accumulation
4. fertility depletion (iv) plant-available nutrients have reached (iv) threshold level is above the ‘exhaustion’

the critical level to affect crop growth

adversely

limit and soil responds to input of
fertilizers and organic amendments

of biomass produced may also be regulated through
inputs in relation to soil properties. Critical limits refer
to the range of soil properties that are necessary to
maintain a desirable level of potential yield without
jeopardizing productivity through soil degradation.

The critical limit concept also applies to soil
resilience. What is the threshold level or range of key
soil properties that can still be restored by appropriate
measures? For example, what is the threshold SOC
level which can maintain soil resilience, restore soil
biodiversity, or enhance structural resilience (Kay et al.
1994).

There is, however, a subtle difference in critical
limits with regard to the onset of degradative processes
and threshold values for soil resilience, and these values
are often not the same (table 5). These differences in
critical limits may be due to hysteresis and malleability.
They may also be due to differences in the elastic
behaviour of soil resilience for specific functions.

5. SOIL EXHAUSTION AND SOIL
RESILIENCE

Exhaustion refers to system fatigue due to overuse.
Soil exhaustion implies decline in productivity, even
with extra input or production effort (Dregne 1985).
The soil reaches a critical point, determined by its
quality, at which any further input fails to increase
productivity or the capacity of the soil to denature
pollutants.

Phil. Trans. R. Soc. Lond. B (1997)

Efforts to produce goods and services when a soil
system attains a critical range may result in total loss in
productivity or environmental regulatory capacity.
However, soil is not necessarily irreversibly degraded.
Change in land use or adoption of restorative measures
may restore its functions. High quality soils are usually
resilient and easily restored. In contrast, fragile soils
are irreversibly degraded, are not resilient, and cannot
be restored.

6. SOIL RESILIENCE AND LAND USE AND
MANAGEMENT

Exogenous factors of land use and management have
a drastic effect on soil resilience (Greenland & Szabolcs
1994). Appropriate land use and judicious soil and
crop management have a favourable effect on soil
resilience, and can restore functions of degraded soils.
Some notable examples of soil restoration include soil
fertility restoration in Kenya (Ford 1986) and eco-
system rehabilitation in Machakos in East Africa
(Tiffen et al. 1994), soil erosion control in the USA
(Brown 1991), highly productive agriculture in North
America and Western Europe (Mengel 1990), maize
(Zea mays) production in the savanna region of sub-
Saharan Africa (Scherr & Yadav 1996), soybean
production on Vertisols in Central India, dryland
restoration in north-western India (Kolarkar et al.
1992), and recovery of saline/alkaline soils in north-
western India (Gupta & Abrol 1990).
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Figure 5. Land use management effects on soil resilience and degradation. Inherent soil properties and climate may
have a positive effect on soil resilience with appropriate land use, and none or an adverse effect with inappropriate

land use.

Restorative effects of appropriate land use and soil
management are due to the improvements in: (i) soil
structure, (ii) soil-water relations, (iii) erosion man-
agement, (iv) SOC content maintenance, (v) soil
biodiversity regulation, and (vi) nutrient cycling.
Using land according to its capability and managing
soil resources to alleviate constraints enhances soil
resilience through maintenance of the biological and
ecological integrity of the soil and its economic
functionality. Scientific management, based on ‘how’
rather than ‘what’, is important in the expression of
soil resilience. The effect of land use on soil resilience is
demonstrated by the data from drylands. Rozanov
(1994) reported that the proportion of highly resilient
soils in the world’s dryland areas is about 289, in
rangelands, 54 9, in rainfed crop lands, and 709, in
irrigated crop lands. It is likely that either resilient soils
were chosen initially for more intensive use, or that soil
resilience in drylands is enhanced by (i) the intensive
agricultural land use and intensity of technological
input; and (ii) ecologically appropriate land use to
alleviate ecological stresses.

Appropriate land use and judicious management,
based on intensity of technological input, set in motion
soil restorative processes that enhance soil resilience.
With scientific input, there is a synergistic and positive
effect on inherent soil properties, terrain and landscape
and climatic factors (figure 5). Inappropriate land use
and exploitative methods stimulate soil degradative

Phil. Trans. R. Soc. Lond. B (1997)

processes that accentuate soil degradation and decrease
soil resilience. Inappropriate land use exacerbates the
adverse effects of poor parent material, different
terrain, and harsh climate (figure 5).

7. ASSESSMENT OF SOIL RESILIENCE

To be functional and operational, it is important to
develop methods of quantification of soil resilience.
There are various approaches to quantifying soil
resilience (figure 6).

(a) Assessment of the rate of soil degradative
process

The rate of soil degradation under a specific
ecological stress can be used to evaluate relative soil
resilience. These stresses include the rate of soil erosion,
SOC decline, changes in soil chemical and nutritional
properties, clay and colloid content, and change in
porosity.

Soil resilience can be computed from the rate of
change of soil quality, as shown in equation (11). The
positive value of the right-hand side of equation (3)
refers to the rate of soil degradation.

S, =—dS,/di, (11)
where S is soil quality and ¢ is time. The choice of

temporal scale is extremely important and depends on
several factors (Lal 19944).
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Methods of Soil Resilience Assessment
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Figure 6. Methods of assessment of soil resilience.

(b) Assessment of the rate of soil restoration

In contrast to degradation, the rate of soil restoration
can be used to assess soil resilience. Because of the
strong hysteresis, there may be differences in
degradative and restorative pathways. The rate of soil
restoration can also be related to changes in soil
quality, as shown in equation (12). The negative value
on the right-hand side of equation (4) refers to the rate
of soil degradation.

S, = ds, /d. (12)

Empirical development of time-dependent pedo-
transfer functions is useful in assessing positive (re-
silience) or negative (degradation) changes in soil
quality.

(¢) Modelling

Temporal changes in soil quality and soil resilience
can be modelled. Some suggested approaches include
the following:

(1) Soil renewal rate
Soil properties and management affect soil renewal
rate. Lal (1994a) proposed the following model:

t
S, = Sa—i-f (S, =S+ 1) dt, (13)
0

where §, is the initial or antecedent condition, §,, is the
rate of soil renewal, S, is the rate of soil degradation,
and 7 is the management input. Equation (5) is more
casily applied to a specific soil property (SOC content,
available water capacity, cation exchange capacity,
porosity) than to the soil system as a whole. Individual
soil properties can then be combined to evaluate soil
resilience.

(i1) Physical analogue

Rozanov (1994), by analogy with a common spring,
proposed that the force responsible for resistance to
change to return the spring could be equated with that
required to restore the soil to its antecedent level
(equation (14)).

dA/dx = —kx, (14)

Phil. Trans. R. Soc. Lond. B (1997)

where 4 is the amount of work required for altering soil
quality, x is the variable reflecting soil change, and £ is
the resilience coeflicient, which differs among soils and
may be altered with land use and management.

(ii1) Capacity to withstand stress
Ellenberg (1972) suggested use of the concept of
‘load or stress capacity’ or vulnerability of a system
(equation (15)):
(100D x L) xR

stress capacity (5) = 10 , (15)

where D is disposition, or the ease with which an
influence or perturbation reaches a system, L is
susceptibility, and R is restoration or regeneration. All
factors are estimated on a scale from one to ten.
Applied to soils, soil resilience is the inverse of the stress
capacity (equation 16):

S.=(8)™. (16)

(iv) Characteristic return time

The characteristic return time (7,) is the time a
system or a system component may take to return to
equilibrium following a disturbance (May et al. 1974;

Beddington et al. 1976).
T.=1/r, (17)
dN/dt =rN(1-N/K). (18)

N is a measure of a community or a population, ¢ is
time, and K and r are constants. The factor (1-N/K) is
called the ‘regulatory capacity’.

8. CONCLUSIONS

Soil degradation is a severe problem, especially in
the tropics and subtropics. Information on the econ-
omic impact of soil degradation is scanty, and needs to
be collected at local, regional and global scales. What
little information is available indicates severe economic
and environmental impacts. The risks of soil degra-
dation are higher with low inputs and subsistence
agriculture than with science-based agricultural
systems.

Soil resilience is important to food production and to
other issues of global importance with regard to: (i)
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sources and sinks for C; (ii) environmental regulatory
functions; (iii) sustainable development; and (iv) soil
restoration. Some soils can restore themselves, if the
disturbance/stress is alleviated. Although specific tech-
niques depend on soil and site characteristics, case of
restoration depends on the resilience of the soil. Highly
resilient soils are easily restored by appropriate
management. Soil conditions may be improved in
resilient soils by appropriate land use and judicious soil
management. Agronomic productivity of non-resilient
soils may fall quickly below the economic level, even
with improved systems of soil and crop management.
The quality of such soils declines rapidly, soon after the
onset of degradative processes. In contrast, resilient
soils are highly productive, do not undergo rapid
degradative changes under stress or disturbance due to
deforestation or tillage, and their quality is easily and
rapidly restored. The productivity of such soils
increases with improved management, designed to
alleviate soil-related constraints to productivity. Man-
agement has its limits and cannot alleviate all the
constraints. The identification of soil-specific properties
that affect resilience is a very important management
strategy.

For the understanding of soil degradation and
resilience, there are several important researchable
issues. These include: (i) refining basic concepts; (ii)
developing methods of quantifying soil resilience; (iii)
establishing critical limits and threshold values; (iv)
developing practical methods of soil restoration; (v)
evaluating the economic impact of soil degradation at
regional and global scales; (vi) establishing links
between social processes and soil resilience; and (vii)
developing cause—effect relations between soil resilience
and degradative processes.
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Discussion

MR A. WAGNER (London). Food is a privilege not a right.

R. LaL. Those involved in conducting agricultural research
have a mission to enhance food production and professional
commitment, to develop technologies to produce enough
food for meeting the basic dietary needs of all inhabitants of
the Earth. However, the food production technologies must
also maintain the natural resource base and environmental
quality by minimizing risks of land degradation and
environmental pollution.

D. J. GReeNLAND (Unuwersity of Reading, UK). (1) Deposition
of eroded soil in rice lands in Asia causes less increase in yield
than would be obtained if the soil remained wm situ.
(2) Experiments on erosion control conducted in NSW,
Australia, showed yield losses between 17 and 279, even
after adopting erosion control measures for 17 years. These
methods of assessment of erosion which caused decline in
productivity are highly objective.

R. Lar. (1) Yes, slight increase in yield at depositional sites
is not enough to compensate the drastic reduction in yield on
eroded soils. Further, sediments transported in reservoirs and
lakes lead to eutrophication of water and damage to civil
structures. (2) Productivity of severely eroded soils, with a
root-restrictive layer at shallow depths or with edapho-
logically inferior subsoil, cannot be restored by erosion-
control measures. Some soils are prone to irreversible soil
degradation. Because of low resilience, soil quality cannot be
restored even with improved management.

There is a need for developing objective methods of
assessment of erosion impact on productivity. The assessment
of productivity loss must include both direct and indirect
costs, and on-site and off-site damages.

T. QuINE (Department of Geography, University of Exeter, UK).
Implementation of a policy for soil restoration raises three
important issues. (1) There is a need for quantitative
definition of degraded soil and its potential to be restored.
Using soil erosion rate to define degradation is not satisfactory
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because of the large variation in the impact of soil loss on
different soils. A better criterion would be the assessment of
soil quality and its change due to degradation. (2) There is
a need to identify those soils which may be recoverable. To
what extent does current understanding of soil processes
allow this identification? (3) In order to implement re-
habilitation strategies at farm level, it is necessary to consider
the existence of variation in soil degradation and the processes
which lead to the development of those patterns. The
research done at Exeter has shown large variations on erosion
and aggregation rates within agricultural fields, and this
variation may be due to tillage erosion. Improvement of
understanding of all processes which lead to within field
variation in soil degradation and development of simple
models which account for such processes would make a
valuable contribution to the future implementation of
rehabilitation strategies.

R. Lar. These are excellent comments, and extremely
relevant to improving the existing database on land
degradation and developing restoration strategies. (1) Yes,
there is a strong need for a quantitative definition of soil
degradation. The criterion should be related to soil functions.
If the soil function is agricultural productivity, then the
magnitude of loss in productivity must be quantified for
different levels of input. In addition to productivity, there are
numerous other soil functions of importance to humans, e.g.
engineering uses, regulating environments, repository of gene
pool, etc. Therefore, there is an equally strong need to
develop quantitative definition of soil degradation with
regard to each function. The currently available information
on soil degradation is weak and subjective because it is not
based on standardized and quantitative criteria or indices. It
is difficult to develop a technology or strategy of soil
restoration without knowing the severity of soil degradation
in quantitative terms.

Soil quality is an appropriate approach to assess soil
degradation, providing that there exists a quantitative and
an objective definition or index for its assessment. Some
progress has been made in developing quantitative methods
of assessment of soil quality, but additional research is needed
to develop generic and soil-specific standards of soil quality
assessment.

(2) True, it is important to identify the extent and severity
of degradation and also soil attributes or properties which
respond to management and those that can be restored.
Similarly to the extent of soil degradation, this information is
also not available. There is a need to identify key soil
properties and ‘critical limits’ or threshold values of soil
properties and processes beyond which soil undergoes severe
degradation. Key soil properties and their critical limits
differ among soils and functions, and need to be identified.
Quantitative indices of soil quality must be based on critical
limits. It is difficult to identify soils that can be restored
without knowing their antecedent soil quality, and critical
limits of key soil properties in relation to specific soil functions
or uses.

(3) Soil variability is a practical reality even in soils which
have not been degraded. Soil degradation may accentuate
variability in some soils more than in others. Patterns of
variability are influenced by management, especially soil
surface management. Tillage erosion is an important process
affecting soil degradation and spatial variability patterns in
a farm field. Activity of soil fauna is another factor, e.g.
termite activity in soils of the tropics. The concept of
‘precision farming’ or ‘farming by soil’ is based on the
recognition of soil variability at the farm level. Restoration
strategy based on the use of soil amendments can also be
adopted using the principles of precision farming, applying
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input or chemicals at a rate commensurate with the
laboratory soil-test data for specific mapping unit within the
farm. Identifying the cause—effect relationships responsible
for variation in soil degradation within a soilscape or
landscape unit, and adopting the strategy of precision
farming would be an economic and environmentally com-
patible strategy.

D. W. BiLriNne (Haynes, Bedfordshire, UK). The substantial
loss of primary agricultural land to urbanization and
expansion of agriculture to marginal lands must be
recognized. These shifts in land use may jeopardize any
agronomic and genetic gains made by the research, especially
in rapidly urbanizing South East Asia. Some regions which
were net food exporters are now importers of rice due to this
shift in land use.

R. Lar. Prime agricultural soil resources of the world are
finite, essentially non-renewable, unequally distributed, and
prone to degradation by misuse and mismanagement.
Change of land use from agriculture to industrial and urban
uses is a major problem in densely populated countries with
rapidly expanding urban populations, e.g. China, India. The
process, in fact, is a ‘double jeopardy’, (1) due to loss of
prime land, and (2) because agricultural activities are
pushed into marginal lands and ecologically sensitive
ecoregions. In addition to population control, which is a slow
process with a long response time, it is important to intensify
agriculture on all available prime agricultural land. There is
a need to develop ‘soil use policy” at regional, national, and
global scales. Such policies should be carefully identified and
rigorously imposed, especially with regards to the use of
marginal lands. Land capability assessment of marginal
lands is crucial to their judicious use. The World Soil Policy’
developed by FAO/UNEP has not been effective. To be
effective, such a policy must be developed and implemented
at the national level. The ‘Farm Bill’ and ‘Conservation
Reserve Programs’ in the USA are examples of successful
identification and implementation of such policies.

R. Evans (Cambridge, UK). Professor Lal opened his paper
by referring to Pimentel et al. (1995), and quoted the rates of
water erosion given in that paper. I want to urge caution in
using that data because it is based on plot experiments and
not from measuring amounts eroded in farmers’ fields. It has
yet to be shown that results gathered from 22 m long plots
relate well to erosion in the field. Indeed, what evidence there
is (Evans 1995) suggests that rates of erosion measured in
farmers’ fields are much less than those recorded on plots.
Also, mapping erosion in the field puts it into perspective,
because it does not happen everywhere. In some places,
erosion will be severe, but over much of the landscape there
will be no erosion at all. Pimentel’s information implies that
erosion occurs all across a landscape—it does not. If Pimentel
et al’s estimates of erosion are too high, the costs of the
impacts of erosion are also likely to be too high.
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R. Lar. The value of data presented by Pimentel et al. lies
more in creating awareness about the economic costs of soil
erosion than in the accuracy and reliability of the statistics
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presented. Like numerous other reports on soil erosion and
degradation, the statistics presented by Pimentel et al. are
questionable.

Soil erosion rates and productivity losses measured on field
plots provide only the ‘relative’ information. As was also
pointed out by Professor Greenland, there is a need to
develop and standardize methodology for assessment of soil
erosion rate and its impact on productivity. The scale at
which such measurements are made is important. The scale
should preferably be the ‘watershed’ of ‘landscape unit’. An
example of measuring the erosion—productivity relationship
under on-farm conditions is that being followed by a regional
research group in USA. The North Central Regional
Committee (NC-174), comprising ten states in the USA, is
evaluating erosion—productivity effects under on-farm
conditions. Crop vyields are measured under farmer man-
agement, and related to the remaining depth of the A horizon
in erosion phases and increases in thickness of the A horizon
in depositional phases. The rate of past erosion is also
monitored by using **"C, technique.

The lack of progress in obtaining reliable statistics on soil
erosion rates and its impact at the global level is due to the
problem of (i) scaling or lack of appropriate methodologies
on extrapolating data from field plots to landscape and
watershed level; (ii) lack of information on delivery ratio;
and (ii1) the lack of knowledge and uncertainties regarding
the impact of deposition of sediment on yield and soil quality.

K. GiLLer (Wye College, University of London). In your
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discussion of increasing soil C contents in relation to both
building-up soil organic matter to enable better crop growth,
and to increase C sequestration, you did not mention the
importance of tillage in determining the ‘storage capacity’ of
soils for carbon. We cannot expect the storage capacity of
tilled soils to approximate to that of the natural forest or
savanna vegetation as tillage increases the rates of turnover
or organic matter (and losses of fuel to erosion), and thus
reduce the potential ‘storage capacity’ of the soil. What role
do you see for conservation tillage in this discussion?

R. Lar. Conservation tillage is indeed an important strategy
to enhance soil quality, decrease soil erosion risks, and
sequester C in soil to mitigate the ‘greenhouse effect’.
Judicious use of crop residue and farm waste can lead to
improvement in soil quality and reduction in risks of
environmental degradation. The rate of crop residue pro-
duction in the world is about 3.5 Pg yr! (1Pg = 10%g). If
209, of the C contained in the residue can be converted
into a stable humus fraction, it can be a substantial input of
C into soil. In 1995, conservation tillage was practised on
about 40 million ha or 309, of crop land in the USA. By the
year 2020, conservation tillage may be adopted on 140
million ha or 759, of crop land. Conversion of conventional
to conservation tillage may lead to global C sequestration in
soil by the year 2020 at a rate of about 1.5 Pg C yr %
Realization of the C sequestration potential of conservation
tillage also requires identification and implementation of
national soil policy.
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