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Soil degradation

1 Introduction

Plant growth and agriculture generally are dependent upon the maintenance of
appropriate physical and chemical conditions in a relatively thin layer of
weathered material, soff, at the earth's surface. Poor agricultural practices such
as overgrazing can degrade the capability of the soil layer to support
vegetation, to the extent that the productivity of the grassland or agriculiural
ecosystem becomes severely reduced.

Rapid rates of expansion of human populations, particularty in tropical areas,
are extending cultivation to regions where sofls are less suited to cultivation
and rapid degradation is accompanying this expansion of agricutture, A
previous Geofile on desertification {no.256, January 1995} documented
problems associated with wind erosion in drylands and salinisation of soils in
irrgated areas. Here the focus will be upon the effects of soil erosion in
agricultural systems, the problems associated with the loss of organic matier
from soils under cultivation, and other changes associated with continuous
cultivation of soils which have the effect of limiting agricuttural productivity.

2 Factors influencing soll erosion by water

The rate of soil erosion on agricultural land is influenced by rainfall
characteristics, soil erodibilty, the nature of the sfope at the eroding site and the
vegetation cover. Increasingly, computerised mathematical models are being
developed to predict rates of soil erosion. One fong established modsl is the
Universal Seil Loss Equation (USLE) developed in the United States, This
model is recognised to have fimitations and its empirical nalure means that it
has to be adapted to regional conditions, but the model serves to demonstrate
the factors infiuencing erosion rates.

The eguation is: A = RKLSCP
where

A = 50il lass {on a unit area basis) in tons per hectare
A = rainfall factor

K= soil erodibilty factor

L =slope length factor

& = slope gradient factor

C = cropping factor

P = erosion control management factor.

ofile

Soil degradation
Roger and Anne Fielding Smith

January 1996 number 276 .

Figure 2: Siope length and gradient graph for determining soil-loss ratio
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Factor R relates 1o the erosivity of rainfall. This varies spatially according to the
intensity and quantity of rainfall. Figure 1 shows how the rainfall factor varies
over the United States. Factors are generally lower in the case of the less
intensive rainfall of Westem Europe but higher in humid tropical regions. Such
variations in rainfall erosivity explain why agricultural practices which result in
acceptable rates of soil loss in one area may have disastrous consequences
when applied elsewhere.

Soils also vary in their susceptibility to erosion. A number of studies in the
British [sles have demonstrated that sandy, silty and loamy soils are more
susceptible than clay soils to erosion. In part this is a reflection of different
agricultural practice, but the structural instability and lack of cohesion of sandy
and silty soils are important factors.

Slope length and stope gradiants are important factors. It is estimated that in

the United States a doubling of slope length results in about 1.3 times greater
soil loss per unit area and an increase in slope gradient increases the velocity
of runoff water. Figure 2 shows the influence of these factors. The removal of
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Figure 1: Rainfall factors in the United States
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hedgerows to produce larger fields has been an important factor influencing
soil erosion in parts of southem Britain,

Vegetation cover (C) is a critical faclor in soil loss. Siudies in the United States
have shown that in an experimental plot on an 8% slope, soilioss may be 1000
times greater under continuous maize cultivation than under permanent grass.
In Britain the move from the cultivation of spring cereals 1o winter cereals,
which has been the result of agricultural intensification under the common
agricultural policy, has resulted in widespread erosion problems. The cultivation
and planting of seils in the autumn results in the exposure of bare soils to
erosion during the season of maximum rainfall.

The final factor in the USLE relates to the application of measures to conirel
soil erosion, for example contour ploughing, strip cropping on the contour,
terrace systems and minimum cultivation practices.

3 The impact of soil erosion on agricultural
productivity

Erosion rates ingvitably increase when soifs are brought under cultivation. If
soil degradation is to be avoided then the rate of sol loss from the system
should not exceed the rate at which # can be renewed by natural processes of
soil formation. There Is some uncartainty about natural rates of sofl formation,
but clearly erosion rates may greatly exceed those at which new soil is formed.
In 1987 for example, 10% of the total volume of soil was lost in an erosion
eventin a 10 ha field on the South Downs (Boardman, 1990), This case may
be exceptional, but soil losses are likely o be of greatest consequence where a
thin layer of soil overlies parent materials which do nol weather quickly to

Crep[ace soil losses. The extent of the problem is, however, complicated by
improvements in agricultural technology, including increased fertiliser
application, which can offset topsoif losses. On the Scuth Downs, for example,
soils of 20 cm depth over chalk are capable of yielding 6t per ha of winter
wheat annually. These yields were economic under the subsidy amangements
in the late 1980s and reflect high fertiliser applications and the ability of the
crop o exploit water reserves in the fractured chalk layers underlying the soil.
Although soil degradation is occurring, short-term economic losses as a result
of erosion may not be apparent to the {armers,

4 Factors resulting in a decrease in soil productivity

The most commonly cited factor reducing crop yield following erosion is the
reduction in the plant-available water-holding capacity of the soil. Crops are
subject 1o greater water stress as the topsoil volume is reduced and rooting
extends into the subsoil where water availability may be less. The water-
holding capacity of the soit Is strongly influenced by structural characteristics
and crganic matter cantent, both of which are less favourable in the subscil,

Surface structure is also degraded under eroding tonditions; soils become
more compact and seedling emergence and rooting are affected. Plant
nuirients may be removed in the eroding soil; soil nitrogen for example, is
associated with organic matier which is conceniraled in the fopsofl. Other
nutrients may leave the field in solution or attached to-mineral soft particles.
Finally, soil erosion is typically non-uniformt. On the South Downs, for example,
Boardman (1980} has observed that the area of individual fields damaged by
either erosion or deposition rarely exceeds 5%. Localised effects tend to
increase the variability in soil conditions within a field. This influences
productivity because figlds are managed as uniform units and increased
variability makes it more difficult 1o oplimise farming practice.

5 Qualitative and quantitative evidence of reduction
of productivity

A Report of the US Commissioner of Patents in 1852 abserved that twice the
guantity of rain falls in the Southem States in the course of a year than falls in
England, and it falls in one third of the time....Cotton has destroyed mora land
than earthquakes, eruptions of buming volcanic mountains or anything else.
Witness the red hitls of Georgia and South Carolina that have produced cotton
{ill the last dying gasp of the soil forbids any further attempt at cuffivation..."

Bennetl (1939) reported that the average yields per hectare of com and cotton
stayed about the same in the United States from 1871 to 1830. This was
despite improvements in fechnology and he attributed the lack of yield increase
1o the efiects of erosion. He further suggested that sofl erosion had reduced the
agricultural productivity of the United States by 35%, although more recent
estimates have ranged from 15% to less than 5%. Such broad estimales are
rmade more difficull by improving farming techniques, including energy
subsidies, and changing land uses.

Loss of productivity has been estimated at a more jocal scale. In the USA it has
been suggesied thal wheat productivity is reduced by between 2% and 10%
with the loss of 2.5 cm of topsoil, Where maize is grown on deep, medium-
textured soil, removal of the topsoll has been estimated 1o account for a

productivity decling of between 8% and 30%. In lowa the loss of 25 ¢m of soil
reduced maize yields by about 50%. Reductions have also been observed in
tropicat areas. On thin soils in Nigeria the loss of 5 cm of soil reduced maize
yield by about 50% and in another area the experimental removal of 12 ¢m of
sail gave similar reductions in crops of maize and cow peas. Rates of decrease
of yleld seem highly variable and the impact of soil loss is very dependent upon
the profile characteristics and other factors such as management.

6 Soil erosion in tropical areas

Okigbo (1977) suggests that under traditional natural fallow systems erosion is
minimised by the retention of some cover during clearing and by growing a
number of crops in association, which protects the soil and minimises the need
for weeding. Economic and demographic expansion, however, increases
population pressure, shorlens fallow periods and introduces new agricultural
practices which are detrimental to soil resources. He presents a classification
of farming systems and associated erosion hazards.

*  Shifting cuttivation involving nomadic herding: here with increasing
livestock numbers overstocking results in increased erosion hazard
around waterholes.

+  Shifting cultivation or bush fallowing: erosion hazard is low except along
footpaths and in compounds.

»  Rudimentary sedentary agricufture: erosion hazard slightly increased,
especially where there Is a decrease In frequency and duration of fallow.

« Intensive sedentary agriculiure or compound farming: here the length of
fallow Is often less than four years and erosion hazard is high on slopes,
footpaths and compounds.

*  Terrace farming and floodplain agriculture: here erosion hazard is low on
flat fowlands. In terrace systems erosion hazard is high on footpaths and
where terrace walls break down.

+  Mixed farming involving livestock (cattls, sheep, goats) in combination with
crops: erosion hazard is high, parlicularly in savanna where there is no
adequate cover at the end of the dry season.

+  Livestock ranching: in these systems erosion hazard is associated with
poor range management, overstocking and overgrazing. Gully erosion is
serious along animal trails and around waterholes,

«  Intensive livestock production: in these systems erosion tends to be
absent or localised.

«  Large-scale plantations: here the lowest hazard is associated with tree
crop plantations but erosion hazard may be high with large-scale
machanised food and arable crop farms and row crops.

+  Specialised horticuture including market gardening: where fruit trees are
grown in plantations with cover crops erosion is minimised, but irrigation
systems on slopes may cause erosion problems. Mulching and alignment
of crops with the contour also minimise hazard. .) '

Okigbo suggests that, overall, traditional systems do not involve serious

erosion hazard as long as fallow periods are reasenably long, vegetation cover

is maintained and population pressure low, With increasing population pressure

and intensification, however, erosion can become a serious hazard, Sheet

eroston tends to be an important process in tropical soil erosion and may

selectively remove organic and minerat colloids and nutriant elements from the

upper 20 cm whera they tend to be concentrated in tropical soils.

7 Soil structure and cultivation

Soll structurs is the aggregation of the primary mineral clay, sitt and sand
particles in a soil into larger units called peds. This aggregation is best
developed In soll confaining some clay. Sandy soils often show fittle structural
development and silty soils tend to have rather unstable structures. In fopsoils
structural development is generally associated with organic activity and organic
matter; in lower horizons larger structures result from swelling and shrinking of
the clay component with changing water content, The interacting variables are
initial soif texture (particle size), organic matedal content, physical processes
and soil management (Tidy, 1990). In agriculture, scil management is an
important influence on structure. Stuctural develepment influences the nature
and size of pores between and within strectural units, which in tum influences
the permeability of the sofl to air and waler and the ability of the soil to hold
waler in smaller pores against drainage induced by gravitational force. Such
waler is available to plants in dryer periods,

A good structure allows root penstration, free drainage and adequate water



Figure 3: The effect of grazed Jays and arabie cropping on soil organic matter
~after Tidy (1990}
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Figure 5: Effects of passage of vehicles over soils
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storage. An ideal structure has pores above 0.1 mm in size which allow root
growlh, air movement and water movement and pores less than 0.05 mm which
he!d water. The structure should a¥ow rapid infiltration of water and rooting to
depihs of about 1m; compaction in the subsoil should be absent. Clayis a
significant influence on soil structure development, burt well-decomposed organic
matter is an even more important structural agent. Larger structures tend fo bs
less stable than smaller structures and, in soils of temperate areas, strugture is
best developed under grassland where the fine rools of grasses accompanied by
the activity of soil organisms promote structural development,

When soils are continuously cropped organic matter levels fall; when they fall
to 4% in fine sandy and sity scils and 2.6% in clays, structural stability may ba
affected (Tidy, 1990). Figure 3 shows the influence of grazed lays (grassland)
and arable cropping on soil organic matler and Figure 4 shows the effect of
land use on waler-stable aggregates. These are aggregates which are resistant
to cycles of wetting and drying. Aggregale stability generally declines with
decreasing organic matter and is most poorly developed in silty soils and fine
sandy loams. This is one reason why stich soils are susceptible 1o erasion,
aggregates slake {break down) and the sail surface becomes sealed by fine
particles. Infiktration is reduced and overland flow occurs, leading to erosion.

Cuftivation Increases the exposure of soil organic matter to decomposition, and
earthworm populations and soil fungi are reduced, Both are important in structure

formation. Pressure from the wheels of agricutural machinery also disrupts soil
structure and can lead to the formation of compressed zones, or plough pans,
below the plough layer. These denser layers inhibit verlical movement of soil water
and air and inhibft root development. Figure 5 shows the effect of the passage of
vehicle wheels resulting in the depression of the soil surface and an increase in
bulk density of the soil (bulk density is the density of a volume of soil including
pore space - an increase in bulk density therefore indicates a reduction in pore
volume). A field may be passed over by wheeled vehicles more than fen times
during & growing season in the course of activities such as rolfing, harrowing and
the application of ferliliser and pesticides. Modem practice is to try 1o confine such
passes to fixed routes but this may exacerbate soil erosion in that it provides
passage ways for suriace water which may develop info gullies. This is particularly
the case on steeper slopes where, for safety reasons, cultivation is normally up
and downslape, Figure 6 shows the elfect on bulk density of the passage of
different vehicles over the soil surface. Loaded wheeled trailers have the greatest
effect. In severe cases of compaction techniques of deep cultivation are used lo
break up plough pans.

In an attempt to reduce disturbance to the soil's naturaf structure and ta
overcome problems with accelerated loss of soil organic matter, techniques
such as zero {flage and direct drilling have been developed, Here crop seeds
are placed into the soil surface which is not otherwise disturbed or only
receives shallow cultivation. This generally has beneficial effects upon soil
structure, but thete are different problems n that weed conrel is reliant upon
herbicide applications rather than the physical effects of the plough and the
{ess soluble nitrients {phosphorous and potassium) may become concentrated
in the upper soil layers and be less available o the crap.

8 Organic matter in tropical soils

In tropical sofls which have been strongly weathered the soil organic matier is a
store of plant nuirients and plays a significant role in holding nutrients by ian
retention and maintaining good sofl struciure {Ross, 1993). Organic matter
decomposition rates are generally faster in tropical soffs and deforestation resulis
in fosses of soil carbon and nitrogen which is held in soit organic matier and
released by accelerated decomposition. Organic maiter therefore makes a very
significant contribution to the fertitity of tropical soils and a decline in tertility
following deforestation results from accelerated soil erosion, reduction in iter fall
and increases in decomposition and nutrient release rates. in tropical forests
organic matter contributes to the maintenance of a good soil structure which aids
soll aeration and water infiltration. In addition a leaf litter layer at the soil surface
and a surface root mat mean that soils under forest will resist soil erosion, even
under rainfall intensities considerably higher than those of temperate arsas.

Forests are cleared by clearfelling and buming, bulidozing and selactive ogging.
These differing methods result in difierences in the extent of soil organic matter
and nutrient loss. Carbon, nitrogen and sufphur are (08! in smoke during buming
but much of this comes from the vegetation.

Nevertheless following forest buming there is a farge fall in the carbon:nitrogen
rafio of soils due te high losses of N compared to C during the fire, fast release of N
by organic matter decomposition and nitrate and nitsogen losses by leaching (Ross,
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Figure 6: Effects of the passage of different farm vehicles on soil bulk density
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1893). Ash retumed to the soil surface confains basic cations and may result in an
increase of sofl organic matter in the short term and an increase in pH, but ash may
be fost in soil erosion before vegetation regrowth oceurs.

A study of soil organic matter status in the Amazon region of Peru showed that
sfash and bum had no effect upon soil organic matter status, while different
methods of bulldozing reduced lavels by 16-21%. The study showed that crushing
and compaction by heavy vehicles, soil orgenic matter removal and more rapid
decomposition rates following tree removal, were responsible for changes

affecting soil structures.

Clearance by bulldozer always results in greater scil degradation and poorer
subsequent crop yields than slash and burn. Once the canopy is removed, liter
and soil organic matter are lost by gveriand flow and erosion. Data from Nigeria

Figure 7: The influgnce of slope on rates of soil organic matter and nitrogen

foss following forest clearance (Ross, 1993}

Location  Vegetation Slope Eroslonal losses (kg per ha per yr)
Soll grganic matier Total sall nlirogen
Nigeria Bare fallow 1% 4165 36.7
% 2317.0 186.2
10% 3631.7 3104
15% 3781.0 3135
Nigeria Maize (ploughed) 1% 574 §1
5% 250.0 208
10% 168.2 13.4
15% 587.6 75.3
Nigeria Cowpeas + maize 1% 31.3 a1
{ploughed) 5% 1873 16,7
10% 1748 141
Nigerig Maize + mulch 15% 10717 1011
{all) <0.1 <0.1kg
N.Brazil  Terra fima forest Tapslope 4° 251.1° 2211
Midslope 13¢ 302.1* 3.36*
Foolslope 4° 130.1° 2.28°
N.Brazil  Parlcleared forest  Topslope 4° 2189 3603
{<1.5mall) Midstope 13° 3T 5.052"
Footslope 4° 51.6° aps
N.Brazil  Tolal cleared forest  Topslope 4° 203.6” 3.081°
Midslope 13° 273.1° 11.691*
Footslope 4° 3g6.0 12.543"
Philippines  Primary forest nd 450 nd
Tree {allow nd €52 nd
Loggad over forest nd 836.1 nd
New maize plantation nd 4474 7.78
New rice plantation nd 2786 571
Second-year-old rice nd 830.7 205
12-year-old rice nd 121274 2435

ott of 12 months,

Note: *Annua! data calculated from three month date, assuming active erasion oecurs In only 6
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(Figure 7) show the influence of slope on rates of sod crganic matier and

nitrogen loss following forest clearance.

Ross (1993) observes that the sustainabifity of natural tropical ecosystems
depends, in many cases, on efficient nutrient eycling with minimal nutrient Joss,
The sustainable use of tropical soil resources depends on the management of
fropical cultivation systems along similar lines. There are particular problems in
the pravailing siluation of trapical forest conversion to agricultural land, This
severely disrupts sofl-plant interactions, with significant impacts on seil organic
matter on which tropical soils strongly depend for nutrient supply and retention

and the maintenance of their structural characteristics,
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