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| creasing croppmg intensity. Improvements in rainfed agncuiture

School of Naturel Resources, The Ohio State University, Columbys, O 43810,
E-meil: le.1@osu.edu

Janary 2000

Vol. 165, No.1 ~

SOIL MANAGEMENT IN THE DEVELOP!NG COUNTRIES

R Lal

The present world population of 6 billion will reach 8 bilIion by 2{)20

" and 9.4 billion by 2050. By ther, the population will have increased by an-

other 575 million in India, 300 million in China, 200 million in Nigeria,..-
200 million in Pakistan, and 140 million in Etbiopxa. Of the total world,. -
populatxon, 8.2 billion will live in developing countries, of which 3 billion .,

Printed in U.S.A.

will reside in arid and semiarid environments. Thus, soil management -

challenges for developmg countries include acinevmg food security with

minimal risks to environment given per capita land area decreasmg to "

'<0.1 ha and per capita irrigated land area to <0.04 ha, severe scarcity. of
_renewable fresh water resources, high risks of soil degradation by a wide "

range of degradative processes, resource-poor farmers, and weak institi-" "

| tional support. Productivity loss attributable to erosion-caused soil degra-' v
- dation Is estimated at 18 million Mg of food staples per year at:the 1990
‘level of yields for subSaharan Africa and 272 million Mg for the w.orld,-at .

_the 1996 level of production. The productivity loss at a landscape level.
~imay range from 0. (or.even positive effect) to total crop. failure. In addi-

- agement technologies must also address pressing envxxonmentai issues, es
. pecially with regard to the greenhouse effect and air quaht’y, wa 'quahty
and lahd apphcatzon of industrial and urban wastes. Enhancing food pro
duction would necessitate adoptxon of land saving technoiogzes throug
agricultural intensification on prittie agricultural land, conversion of mar
‘ginal lands to other appropriate land uses, and restoration of - degraded
lands and ecosystems. Soil-specific technologies for agricultural intensifi
cation will have to be developed, fine-tuned, and adopted:; These tech
ologies will address the issue of: (i) enhancing soil structure; (ii).increas
ing natrient use efficiency through integrated nuirient management and,
- strengthening nutrient recycling mechanisms, (jii) conserving soil and
.«ter through residue management and adoption of conservation '
| improving water use efficiency. through development and adoptxon f '
* ficient methods of water harvesting, recycling and irrigation,

" water conservation and enhancing water and hutrient use’ efficies
be a major challenge in subSaharan Africa, India, Central Asianic
northeastern Brazil, and other semiarid regions of the developing world

.Preventing and restoring degraded soils, enhancing soil C sequestration to -

mitigate the greenhouse effect, and decreasing risks of eutrophication

of surface water and contamination of ground water will be priority issues. .

Soil scientists will need to work closely with those in the basic sciences
to address the environmental concerns of. agncultural mtensxﬁcatm

" There is a strong need for high quahty, crednble, innovative, ongmal and” "

demand-driven research in soil science in developing countries. Research
managers can facilitate achievements of goals of high quality science by
creating a conducive and trustworthy work atmosphere and by rewardmg
productivity and merit. {Soil Science 2000;165: 57-~'72) .

Key words: Soil degradation, soil quality, greenhouse effect, soil ero-
sion, soil salinity, tropical ecosystems, food security.
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WORLD popu]atlon of 6 billion in"1998,
l&unereasmg at the rate of 1.8% " perﬂylear, is
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_expected to reach 8 billion by the year 2025 and
9.4 billion by 2050 (Hulse 1995; Fisher and He-
lig 1997; Litvin 1998).. Most of the increase in-
population will occur in developing countries
where nearly 1 billion peopie are already under-
‘fed and malnourished. The giobal demand for
food may double over the period 1990-2030,
with an increase of 2.5 to 3 times in developing
countries as a whole and as much as 5 times in
countries of subSaharan Africa (SSA) (Daily etal,
1998). Although the carrying capacity of the land
is estimated by some to be as much as 50 billion
humans (Hulse 1993), such drastic increases in
demand for food and other resources derived
from soil over a short period necessitate careful
appraisal of soil and water resources with regard
tor their potential, natural and anthropogenic con-
straints, and envirorunental consequences of agri- .
cultural intensification. The problems of imbal-
ance between people and natural resources are
especially critical in developing countries (in Asia,
Africa, South and Central America and the
Caribbean, and newly independent states of east-
ern Rurope and central Asia), where soil resources
are often limited in extent and depleted in inher-
ent fertility, the climate is harsh with highly vasi-
able and. erratic rainfall, and the institutions and .
infrastructure needed to manage soil, and envi-, .
ronment-refated constraints and to enhance PrO=.;
_ductivity are weak and poorly developed. .

Soil, or the pedosphere, is in dynamic equi-
Jibrium with the biosphere, hydrosphere, atmo-"
sphere, and lithosphere. Its interaction with’ ‘the'
biosphere forms the basis of all terrestrial lifer

with the hydrosphere leads to filtration of natural®

and anthropogenic chemicals from the Water,
with the atmosphere leads to fluxes of. radiatively
active gases, axrd with the lithosphere initiates re- .
cycling of elements and formation of new. soil
through weathering, Human society depends on
soil for growing its food, recycling its waste, -
building its structures, and purlfymg its water.
Drastic anthropogenic perturbations in this deli-
cate equilibrium can lead to severe: degmdanon of

‘geogra;ﬁncal regmns ‘of the:

soil and water quahmes, décline in’ productivity,
emissions_ of radiatively active gases to the atmo-
sphere, poverty’, ma]nutrmon, hunccr ‘and ecor .
nomic regression. Therefore, sustamabie manageu-‘
ment of soil must form the basis of economic
development in these countries.

_The objective of this manuscript is to de-
cr1be soil and water resources of the developing

. countries, assess the magmtude and severity of

soil degradation, outline. soil-related constraints
to enhancing productmty and identify research
and devclogment prlormes to a]levmte these
constraints. .~ : i

SOIL AND WA’I‘BR RESOURCES

The prime agr;cultural soil resources are fi-
nite, nonrenewable over the human time frame,
unequally distributed over the geographxcal e
gions, and prone to degradation by misuse and
rmismanagement. As a zesult of the.rapidly in-

- creasing population and the finise extent of soil-

resources, the per capita arable land' arca in devel- -
oping countries i$ declining rapldly i L
though the per caplta Eand arga ;

fries, except. shose i easter

déchne in arablé l.and ére
versxon of agrxcultural la

tion will have to contlnue to come from agncul— .
tural intensification’ and mcré:asé:s in crop and
animal producuon per unit area and per unit
time from land already in producnon

_There are also severe constraints on renew-
able fresh ‘water resources in some countries of
the developing world. The nonavailability of hy-
gienically clean water to about 1 billion people is
the cause of 2 mﬂhon mfant mortalities a year in

TABLE 1

Regression squations to predict temporal changes in per capita land area for principal

regions of the third world (calculated from

EAC 1996; Engelman and LeRoy 1995)

Region Number of countries Regression equation R2
South Asia -7 A = 0.32e700Y -0.88
Southeast Asia and China 9 A = 031e"00Y 0.92
Middle East 10 Y = (.63m002 0.98
Sub~Saharan Africa 26 Y o 518700 0.99
Latin America 13 Y = 041700 0.99
Eastern Euzope 6 Y = 0.47em00Y 0.58

A = azea in ha; Y = years between 1960 and 2025,
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Fig. 1. Trends in per cap:té arable land area in some
countries (feplotted from FAC 1994; Engleman -and
Roy 1995) e

developing countries {Litvin 1998). In many

.countries, there is also a severe shortage:, of re-

newabie ﬁesh water both for agrmulmral iS¢

RRIGATED AGRICULTURE

" Of the 255 million ha (Mha) compnszng the
world’s tota] irrigated land area in 1995 (Postei
1999}, about 75%, or 190 Mha, is in developing
countries (Table 3). The irrigated land areain the
developmg countries has increased by 60% since
the eaz'ly 19605 (Pinstrap-Anderson et al. 1997).
It accounts for about 7.5% of all irrigated crop-
land’and‘grazing land (World Bank 1997; Nelson
et al. 1997), but it produces a lazge portion of the
food, especmlly in developing countries of the
arid regions such as the Central Asian R epublics,
Egypt, Pakistan, Iran. Throughout the wotld,
about 17% of irrigated cropland produces 40% of
the total food (Postel 1999). Irrigation is the ba-
sis of agricuiture in Central Asian countries, and
the per capita arable Jand area there ranges from
0.12 to 0.31 ha. Similar to the per capita cropland
area, however, per capita irrigated land, area—
which in 1996 was barely 0.02 ha in Indonesia,
0.027 ha in Bangladesh, 0.04 ha in China and

’ Zimi}abwe. '
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TABLE 2

‘ - Countries with. per capita fresh renewable
© . water. iess than 1700 m* by 2025 (adapted fmm
Gazdner-Outlaw azzd Bngeiman 1997 e

Per capita fresh water| "

.

Country

availability (m%) by 2025
Afghanistan 1105
Algeria 313 - .
Bahrain 104
Burkina Faso 1164
Burundi 292
Egypt L8607 s
Eritrea 1256 .5
Ethiopia 867
Indiz 1567
Iran 916 .
Jordan - 144
Kenya 602
Kuwait . 55
Lebanon 1261 .
Lesotho : 1290 .
Libya : ) 47, e
Malawi C91Y
Moracco
Niger
Nigesia
Peru
Poland

a (Table 3)-—13 aiso dechmng De-
velopment of irrigated agriculture has lagged se-
riously behind the population growth and food
demand in’ SSA. Consequently, the per capita ir-
rigated land area in most countries of SSA is ex-

trcmely smaE (Table 4).

OIL—RELATED CONSTRAINTS TO
‘CROP PRODUCTION

The principal soils of the developing coun-
tries of the tropics and subtropics are listed. in
Table 5. Predominant soils of the tropics iriclude
Oxisols, Ultisols, and Alfisols in the humid regions
and Alfisols, Aridisols, Inceptisols, Entisols, and
Vertisols in the dry regions. Some of these soils
have severe inherent constraints to agricultural in-
tensification {Stewart et al. 1991). The ease of
achieving sustainable pmducuon in these soils de-
creases - exponentially with increasing climatic
aridity, which implies that achieving sustainable
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TABLE3 o

P

Country Irngated land area (10‘s Ha) Irngater.{ lzmd dzmzaged .by‘ salz (106 Ha) ?er caplta irrigated la.nd aréx (ha)

India I 0.053
China . 49.8 07040,
Pakistan ¢ . 17.2 01193
Tran o 7.3 -‘-,"5- 0,104
Mexico ‘ 6.1 . = i 0.065
Rasssia 5.4 : NA B 0.036
Thailand = 5.0 A 1.5 S ST 008
" Indonesia . : 4.6 S NA o 0.022
Tatkéy =~ 4.2 NA o 0,068
Uzbekistan T4l 2.4 . C0a72
Iraq 3.3 NA . 0.170
Egypt 3.3 0.9 ‘ L .052
Bangladesh 3.2 1.3 L . 0027
Brazil 3.2 NA ‘ 0.052
Romania 31 0.3 (.137
Afghanistan 2.8 1.3 0.134
Kazakhstan 2.4 ' T NA C 0143
Azerbaidzhan ‘ 1.4 ) NA N "0.184"
Turkmenistan 1.3 ’ 1.1
Kyrgyzstan - ' 1.1 NA oo
Tadzhikistan - 0.7 0.3

FAQ (1976, 1988 1994, 1996); Ghassernd et al, (1995) Turnbull {1991); World Bank (1993a,b c} :
NA = data not avaxlab[e '

agriculturai;.-pzociucﬁon is more difficult-in. hot
and dry than in cool and moist regions.: Soil-
related constraints to agmcultural productivity-are 1
so severe that only 2 third of 2l rainfed. cultivabie

azea in developmg counmes {exclqdmg“'

sem:a.rid and subhmmé regi:

Land area of predormnant soil o:del:s i the troplcs
. (Buringh 1979; Van Wambeke 1991)

" Per c:apica= irr'ig:i;éd iand aream some countries of
subSaharan Africa in 1995 (FAO 1996)

. Irrigated land ... Per capita R World - ' Land area‘;
Country . C(10°ha)  irrigated land (ha) Soitorder . .. .  landarea in the mwopics
Benin ' 70 00014 0 () 10°Ha (%6)
Burkina Faso . . 25 s 0003 " Alfiscls 3730 . 131 80O 16.2
Ethiopia.. . - . 165 . 00030 . Aridisols 2480 18.8 900 . 18.4
Ghana L8 0.0005 Entisols -~ 1090 82 . 400 82
Kenya 52 0.002 Histosols 120 0.9 P

Mali 210 0.021 Inceptisols ~ 1170 8.9
Niger 45 ) 0.0053 Mollisols 1130 8.6
Nigezia 880 ' 0.0074 Oxisols 1120 8.5
Senegal - 180 0.023 Spodosols 560 4.3
Somalia 120 0.013 Ultisols 730 56 ..
Sudan ‘ 1920 . - ©0.670 Vertisols 230 18 -

Tapzania . - <. <155 0o 0.005 Highlands 2810 213,
Uganda = - .- .. 9 Ll 0.0005 Total 13170 ]
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TABLE 6

Estimates of rainfed cropland area prone to soﬂ—rciated constraiats to practicing intensive agriculture - ‘
and obtammg high ymlds in develo;:mg countnes (Modlﬁed &om Alexandratos 1995; Scherr 1999)

Deveiopmg

Constraint ' Sub-Saharan = Latin America and Neat East/ East Asia South "
Africa " the'Caribbean - North Africa  (excluding China}  Asia- countries
Low soil fertility - - 42 46 1 28 - 4
Sandy or stony soil 36 C1s A7 11 - 11
Poor soil drainage 15 28" 2 26 . i1
Steep slopes 11 B - 24. 13 15
Total land with one - ° 72 72

or more constraints

43 63 42

physical constraints are particulatly severe in Al-
fisols, Aridisols; md Inceptisols (Lal 1994). The
datz in Table 6 show the regional extent of soil-
related constramts to mainfed agriculture in devel-
oping countries where:the prmcxpal knntanom
are Jow. mherent soil fertﬂlty and nutrient irabal-
ance sandy ot stony soﬂs with low avaﬂable'water

these constramts regmres capztal—-mtenszve mpurs ‘

that resource-»poor farme:zs cazmo ~afford Fuit-

have proven successful on agnc:ult‘umlf expcrlm nt
stations and: ﬁeld plots.

HUMAN- INDUCED
SOIL DBGRADATION

The adve:se eﬂ'ects of mherent constraints on’
producmnty and environment are exacerbated by
land misuse, soil mismanagement, and subsistence:
farming by resource-poor farmers. The occur-
rence of widespread soil degradation in develop-
ing countries is attributed to cultivation of mar-

ginal lands (steep slopes, shallow soils). in. harsh,

‘

and highly variable- clzmatcs Culnvamon of mar—--
ginal Iands is 1nev1tablc becaus :

Lyndeﬁ and Oldeman 199
Stemer 1996) prnnanly

Was estimated at22 kg N/ hi,

kg K/ha. Conseqzzently, the total nutrient‘loss in
soils of Africa over the 30-year ‘périod’is-an
equivalent of” 1.4 Mg/ha of area, 375 kg/ha of
single superphosphate, and 900 kg/ha of muriate
of potash (Stoorvogel et al, 1993),

© Soil degradation, especially that attributable

to pollution and contarnination by disposal of ur-

ban and mdustnal wastes and salm:lzatxon, is also

TABLE 7
Azez of sloping land in some tropical regions (Adapted from Purnell 1986)

Total area

Slone % % of land area
ope Africa SW Asia SE Asia C. America S. America 10° Ha %
0-8 58 45 - 40 35 52 33460 51
8--30 34 31 31 40 ) 30 2,107 33
25 18 1,048 7 16

>30 8 24 29
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_ ] “TABLE 8
. Soil degradation in third wosld countries {WRI, 1T992—"93' O}demari 1994)

Region “Water erosion ~ ~ 'Wind erosiorl - ' Chigrmical dcgradanon . Ph?sicél dégradation Towd
: e - 10% ha s
Africa 2273 1878 59.3 19.8 4942
Asta’ : 435.2 224.1 74.7 15.0 L T4T0
Centzal America 46.5 4.4 69 ' 5.0 | 628
& Mexico T

South America 124.1 41.4 106 ' 7.3 2344
Total 831.1 457.7 2115 - 47.1 - 1538.4
Warld total 1100.0 550.0 235.8 78.6 19644
% of the world total 75.6 83.2 89,7 59.9 T 783

severe in eastern Eirope (Szaboles 1997) and the
newly independent. couritries of central Asia.

About 1.5 bilion Mg (109 Mg)--of topsoﬁ 15

washed away by water erosion annually in the
former Soviet Union (Fireman 1991; Edwards
1593; ﬁshlander 1994; Allison 1996). The data'in
Table 9 show the- percent of the lkind area af-
fected by soil erosion iri some_east | Européan
_countr:es, a:serious: problem i, Serbla/Bosma
Croatia,.and Bulgaria (Ncmeth eti.al;; 1998).
Transport.of sedirents and otganic. matter:from
intensively culmvated steepianés in the catchment
has been a; magor cause; of poiluuon of Lake' Bai—

the drymg Aral Sea rannuaily 1£1to thelsurround-

ing land. Central Asia’s ambitious cotton produc- -

tion program . ‘has been an experiment in ecolog-
ica} disaster on a gr:m& scale (Rumer 1951): Air
pollution from’ industrial emissions is also aise~
vere hazard in Central: Asia (Ahlancier 2994
Kaszer and Merhotra 1996} L :

“mated! that: 71%: of Aszan-drylan s

74% of. ringeland, 61% of rainfed crgpian‘

" Soil degraidaﬁion of drylands in arid:and .
semiarid regions is called desertification and is
serious problem in developing countries of these
regions (Dregne and Chou 1992; UNEP 1991},
The data in Table 11 show that of the 3.6 billion
hz'of total land area subject to desertification, soil
degradation accounts for 25% Mha; soil:and veg-

“etation 757 Mha, and vegetatlon of the rangeland
2576 Mha, The' degradamon in drylands is cauised

by water -erosion;on 478 Mba, wind-erosiom-on
513 Mba, chemical processes.on. 131 Mhaj! and
physical processes on 35 Mha (Oldémanyand Van
Lynden1998): - Drégne and Ghow; 1992) festis

descrnﬂcamon mcludmg ,

72 igelands;
of dry rainfed lands, and- 35% of xrngated gnds

Est;mates of desertlﬁcanon in. Afnca showthat

18%. of irrigated lainds are severeiy affected in 33

fc:auntrie of the region’ (Dregne: 1990; ‘Dregne

and. Chow £992):.In Mexi¢o and- Central Amer:
ica, 75.4% of 570 Mha of drylands are: degraded
(Dregne and Chou 1992). -

' Degméamon of xrlgated I:md by salinization
is a serious problerti that néeds careful planning
for adoption of restorative measures. . Irrigated
land area affected by soil salinity is estimated-at
14 0% of the total zrragated land’ area in Ind;a,

Land use in East European countries a.nd the magmmde of soil erosion. {Adapted ﬁ:t}m Németh et ai 1998)

-Soit erosion (106 m3/1i4)

Country Azsble land (%oftotal) 7 Land aﬁ?:cté:d by erosion {9%'of total)
Bulgaria : 34 64 136"
Croatia S0
Crech Republic 40 17
Hungary 51 25 : 30100
Romania 41 31 . 126
Serbia, Bosnda etc. a2 8% - . 73
Slovak Reptblic 31 11.5

108 mglyr. .
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TABLE 16
An.auai transport of sediments and humus i mto Lake Balatan in Hungnry (Totb and Fekete 1974)

SO MANAGEMENT IN DEVELOPING COUNTRIES L83

Slope (%) Catchment area (ha} - Soil erosion (Mg/ha)
05 175 1030 '
512 164 2475

12-17 129 3603
17-25 - - 169 8672 -
25-50 3 1764

13.5% in China, 24.4% in Pakistan; 26.2% in
Mexico, 27.3% in Egypt, and 60.0% in Uzbék=

istan (Table 3). The problem of soil salinization is -

most severe in Central Asian countries, where ir-
rigated cotton production has brought about

ecological disaster. Irrigdtion is the predoininant:

use of water in Central Asia, accounting for 90%

of withdrawals, 95%: of consumptive: use, ‘and
84% of return flows in 1980 (Prydé 1991) Tt

gatmn is used in more than 90% of crop produc—

tion: In Turkmemstan, 17.4 km?of the’ 19.8 Eun3“

available waterin 1990 was nsed for if

‘and 2.2. km® was used by 1ndus‘cry, Ieavsng 0:2-
km® for household e, In Uzbekmtan, 44.6km®
of the 5.24 km® was used by 1 irrigation; 6.1 km®-
by. mdustry, and 19 km3 by hot seHolds -

_about 97% of the 1rr1gated are‘
The’ 1rrzgat10n eﬂimency is-ve
lost ‘during conveyance (Pryde 1991)

" Asa tesult of the’excessive Wwater I

. 1rr1gat:ton e&cmncy, the Aral Séd hag de cased m
is fallen. by 25%, ’
salinity has increased from 10 0 27 g/Lithe:

. volume by 54%, the sea level

shoreline his réceded by 200,000 kn?, anid about

75 million Mg of salt blows ‘out of it anriudlly -
onto the surrounding land (Kasé? and Merhotra =
1996). Consequently, the biological produttivity -

of the ecosystem has declined ‘by 30 to 50% The

- risks of sahmzatxon, an_

" tc redactmns m the cott

lead to' cons:derable
dxsasters

productmty Tosses. Silin

ported .on 30% of the cotton—producmg
Kyrgyzstan, 35% in Tadjikistan, 89%
menistan, and 61% in Uzbekistan (World 'Bal
1993 4, b, and ¢). Productivity Tosses ‘aré also s
vere in regions of subsistenice agnculture n
Aftica (Dregne 1990; Tengberg arid Stockmg
1997} and Asia (Dregne 1992) whcre farmers ei=

TABLE 11 o
Extent of desertification as estimatéd by. UNEP (1'991) and GLASOD (Oldeman and Van Lynden 1998) .

UNEP (1991). GLASOD (1998) . |
Land type degraded Aréa (10° Ha) Type of soil degradation’ " Area (10°°Ha) -
Irrigated land R Water erosion o . LAT
Rainfed ¢ropland C216 Wind erosion ‘ 513
. Rangeland (soil and vegetation) 757 Chemical degradation : 111
Subtotal 1016 Physical degradation - 35
Rangeland 3592 . Total 1137
Total degraded land 5172 ‘
% degraded 69.5 Light 489
Moderate 509
Severe - 139

Total RicrA
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ther do not use or are unable to use off-farm in-
puts. Lal (19952) estimated continent-wide losses

in agricultural productivity in Africa attributable - |

to past (1960&199{)) erosion. Crop y1e1d losses
caused by past erosion ranged from 2 to 40%,
with a mean of 6.2% for SSA and 8.2% for the
continenc. If soils had not been degraded by ac-
celerated erosion occurring since 1960, 3.6 mil-
tion Mg more of cereals (8.2 million for the con-~
tinent), 6.5 million Mg more of roots and tubers
(9.2 million for the continent), and 0.4 million
Mg more of pulses (0.6 million for the conn—
aent) would have been produced.

Productivity losses caused by soil dcgrad.mon
are also severe In Asia, especially in the seven

countries of south Asia. As much as 20% loss i in-
productivity has reportedly oceurred as’a resuit of
soil degradation in parts of Cl'nna, Incka Iran Ts-,

rael, _}'ordan, Lebanon, Nepal and Paiustan
(Dregne 1992). Oldeman (1998) estimated. that.
since World War 11, soil degradation in Asia has

led to cumulative losses in productivity of 12, 8%,

in cropland and 4.7 to 8.9% in cropland and pas-

ture together. There is a serious fertility decline .
in salt-affected soils (Van Lynden and Oldeniar.

T.aL
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- major source of atmospheric increase in CO,
since the spread of civilization and the dawn of

.

1998), especially in Pakistan. Yield rcducnons i

caused by soil ciegradatton in the 19805 may have
been as much as 60% in many regions ‘of Chma
{Muang and Rozelle 1994, 1996). Sehgal 4nd

Abrol (1994) observed thatso1l degradatmn is a .

serious problemn in India, where 57% of th
is undergoing degradation. To i mcrcase foo

duction in India by 50% by the year 2025 are— 3

ful planning will be needed to reverse the
* degradative trends.

~ In 1998, Lal estimated the ioss in globai food-

production caused by soil erosion. For the 1995 .

level of food produc:tmn erosion-caused produc-
tivity losses of 10% in cereals (190 million Mg),
5% in soybeans (6 million Mg}, 5% in pulses (3
million Mg), and 12% in roots and tubers (73
million Mg). The total loss of 272 million Mg of
food production constituted 31 million Mg in
Africa, 187 milion Mg in Asia, and 16 million
\{Vig in South America (Lal 1998).

SOIL DEGRADATION AND THE
GREENMOUSE EFFECT

Soil degradation is a principal contributor to
the increasing concentrations of radiatively active
gases (CO,, CH,, N,O, NO,} in the atmosphere.
World soils and terrestrial ecosystems contribute
to the atmosphere about 2 Pg/yr (1 Pg (peta-
gram) = 10% ¢ = 1 billion ton) of C compared
with 6.0 Pg/yr contributed by fossil fuel com-
bustion {IPCC 1995). Wo:ld scils have been a.

settled agriculture. Rozanov et al. (1990) “esti-
miated the loss of soil C (assuming that soil ‘hu- -
s contains 58% C) at the rate of 14.7 Tg/yr {1
Tg (teragram) = 102 g = 1 million ton) since
agriculture began 10,000 years ago, 204 Tg/yr in
the past 300 years, and 440 Tg/yr in the last.50

yeas. According to these estimates, historic C . -

emission from soils to the atmosphere is about

230 Pg. The magnitude of C loss from soil to,the
atmosphere. has been estimated "at 150 Pg by

Bohn (1978), 450 to 570 Py b"y Buringh (1982),
450 Pg by Wallace (1994), 40 to 80 Pg'by IPCC
(1995), and 90 to 100 Pg by Lal (1999a). Devel-
opment and 1dentzﬂcat:10n of strateg;es fo 3

high. Lal et al! (19999.) esuma
from drylands causes annual &
0.29 Pg Clyr, W}nch may
because of the dlﬁiculty of

)

Lal and Logan (1995) esnma,e C
soils and ecosystems of the 1 tropu:s he
emission may be 0.5 Pg/y‘r, Wwith ytal” hi
cumulative emission of 45 Pg {Table 13), "
The depletion of the SOC pool from the
root zone, both as a result of cultivation and the

- attendant degradative processes, has sévere ad-

verse impacts on soil productivity and environ-
mental quality. In addition to the release of ra-

© diatively active gases to the atmosphere, depletmn

of the SOC pool degrades soil structure and in-
creases soil erodibility and transport of sedunents
and sediment-born pollutants to natural waters.”
Leaching losses of NOj and other chemicals are
also accentuated by depiedon of SOC pool.

RESEARCHABLE ISSUES
IN SOIL MANAGEMENT

Sustainable management of soil and water re-
sources will contifiue to play a major role in eco-
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TABLE 12

C emissions from soils of the tropics '
{modified from Lal and Logan 19%5)

Agricultural Rate of Higtoric/ cumulative
activity emission (Tg/yr) emission (Pg)
Deforestadon 160 (93-227) 2332 .
and shifting e g - Lo
cultivation
Arabie land use 63 (38-92) 16,7 (10-24.5) -
Pastures 92 (55-133) 245 (14.7-36.0)’
Rice paddy 0.1 (0.05-0.13) .
Peat soils ‘ 2 (1.5-3.0) 0.4 (0.3-0.6)

Total 505 (300-732) 45 (27-74)

Figures in parenthesis are ranges.

nomic development of the developmg countmes
Principal issues that need to be aédressed are
food security, greenhouse effect, and water qual-
ity. In addition, there are some geographlcal re-
gions in. w}uch ‘the probiems of soil management
are more sévere than in others,and there is a need
for unprovements in, research quahty and’ ap—

cultural products In this regard some. nnport
researchable ‘Issues mclude the folI wing
Agncul!ura! intens ification. |

Wzth rapldly dechmng per capzta land area;the
prmc1pal strategy is to enhance food: productzon

‘per unit area and pér-unit time' on existing agri-
 cultural land, While input-responsive; andhigh

erldmg varieties are being deve}cped by plant
breeders and biotechnologists, it is important that
increase in productivity is achieved without min-
ing of the topsoil depth, depletion of the:SOC
pool,Jowering of the water table, buildup of toxic
levels of salts in the root zone, or impairment of
other ecosystem services that maintain air and wa-
ter qualities. The strategy is to improve soil pro-
ductivity on a sustainable basis while improving
soil and water quality. Control of severe erosion on
steeplands (Moldenhauer and Hudson: 1988) has

to be achieved through integrated scil manage-

ment based on the options discussed below:
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Soil structure management Risks of decline in
soil structure, stability, and continuity ‘of pores to
facilitate trarsport and retentioni of” fizids. and
growth and proliferation’ of roots will have to be
minimized. Although - the . deﬁcwn tofi
{Cassman and Pingali 1995) and micronutrients.
cannot be overruled, decline in productivity- of
the rice-wheat belt of south Asiy (I-Iobb' and
Morris 1996) may be caused by dechne i
stracture caused by pudd}mg for rice cultwanon
Decline in soil structure is exacexbated by coms.

plete removal of crop. residife"and other biomass -

from the soil for fodder and-fuel. Dechne in soil
structure under contihuous cropyzng also e~
mains to-be a chaﬂenge for soﬂs of SSA, troplca} ,
America and Central Asia, :
Integrated nutrient managementAlthough {eml—
izer use has increaséd drastically in Asia,’ especially
in China and India, it Jags: severely ‘behind' the
production demand in SSA.If fertilizer tise isnot
made af the optimuni level, especially in'$SA, the
results wﬁl be damagmg and cou crproducuve

tirely on chermcai fertﬂxzefs, it s impottant 1o
stzengthen nutrient recyclmg mechamsms The
latter include usmg farmyaxd matire:and com-
post as a SpuIce. .o plant. nutrients: and for'im~ -
proviag soil structure rather ‘thanAising thent as
household fuel; enhancing. biological ‘nitrogen
ﬁxatmn (BNF) both in upland crops threugh ro-
tation of cereals with legumes and: in: rice’ and
other aquatic agroecosysterns; and use’ of refied
biosolids from urbzn’and industrial- by—products .
while minimizing the risks causéd by'contamina-
tion by heavy metals. Matching the nutrient de~
mand from the crop with. the mitriént sufiply
from diverse sources- (e. g fertilizers;! mainre,
BNF, nutrient recycling) is¢ritical to improving
nutrient use efficiency and minimizing leakage
into the environment. The basic concept leading
to soil-specific or precision farming technology
will have to be developed to enhance the use ef-
ficiency of costly input, :

Tillage methods Development of appropriate
tillage systems and supporting equipment re-
mains 2 high priority (Lal 1987), Merits and lim-
itations of kigh intensity and frequency of plow-
based tillage need to be addressed obiectively in
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relation to soil and ecoregional attributes, crop
root systemn, and socioeconomic and logistic con-
straints of the highly dynamic farming commu-
nity. Despite the severe and widespread problems
of accelerated soil erosion and adverse soil mois-
ture and temperature regimes durmg the grow-
ing season caused by plowing, conservation
. tillage with crop residue mulch is not widely
practiced in developing countries. Conservation
tillage can be adapted even for wheat producnon
in South Asia (Hobbs et al. 1998). Appropriate
farming systems will have to be developed to re-
duce demarids on crop residue and biomass for
use as fodder and fuel. Most of the ¢rop residue
produced must be returned, duectiy as mulch or
indirectly as compost, to the soil. In addmon to
returning crop residue as mulch, there is 2 strong
need to develop appropmate seeding equipment
for facilitating sowing in unplowéd seedbed cov-
ered with crop residue and for controlling weeds
with judicious use of herbicides.” Adoption of
appropriate conservation tillage' methods néces-
sitates development - of a package of.¢ultural

practices specifically needed for successful adap-

tation of such a: technology Along with: appro~
priate’ crop rotations and . seeding. equipment,
soil-specific information is needed for rate-and
. timing of fertilizer apphcamon seeding rate, anci
integrated post ‘control measures. ¥
Water management Enhancing watet use effi~
ciency, both in rainfed and 1rmgated agnculture,
isa high pnonty for agricultural improvement in
developing countries. Although fenewable fresh
‘water resources aze severely limited, crrent prac-
. tices of flood frrigation and soil-water mandge-
ment are inefficient, wastefil, and. harrnful to the
environment. Bxcessive rinoff c’surmg the. tainy
S€asorl calses severe problems of erdsion: and sed-
‘imentation in some situations, ground water s
being depleted in others, and the water table is
rising .too rapidly and bringing high concentra~
tion of solublé salts into the root zone in still oth-
ers. The problem of water imbalance (especially
in Central Asia and the Indian Punjab) has to be
rackled through multidisciplinary and interinsti-
tutional research involving soil scientists, agrono-
mists, hydrologists, agricultural engineers, mi-
crometeorclogists, social scientists, econornists,
and policy makers. The wasteful and harmfil sys-
et of flood irrigation practiced widely in South

Asia must be replaced with furrow, drip, or subir- -

rigation systerns, Water harvesting and recycling
technologies need to be adopted and used in arid
and semiarid regions. There is a need to deveiop

and use irrigation technology based on use of -

~generamng technol

* balance and Tow leveI of') pl s

_challenge. Through ado

’S‘DlL-?SCmNCE

salme/ i:rackxsh wate, Haiomorph&c plants of i in-

products must i
dustry dcveloped-l"

Preventzon and, restomzmn qf mzl
and ecosystem dzgradatwn

cost-effective and efficient mys £0" FESEOT de-
graded soils and ecosystems. There are vast” ‘areas
of barren wastelands in the developmg? countries -

and pxoven technology M{)SE pré
"'ded

ing ‘and overexpimt

industrial poﬁu
interdisciplinary approach. to* dd'”ss_tl'us ajor
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restorative measires, these soils; 66uld becsne a
valusble resource for:production-of -fodder:and
biofuel, timber and industrial: daw matenal and
for cultivation of; fruit trees-indiother perentiial
cultures and. for farming C throughy'its sequéstra-
tion in biomass and in soil. In the process'ef:be-

_ing productive, these soils could become an. ef~

fective repository of C thzough enhancement:of
the SOC pool and could increase formation of
secondary carbonates. Restoring 2 billion ha:-of
degraded soils that were once biologically pro-
ductive could effectively mitigate the accelerated

. greenhouse effect if the improved land use sys-

tern could sequester 1.5 Mg C/ha/yr in both soil

“and the above-ground biotd: Thus, the impoi-

tance of soil restoration in - environmental en-
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hancement cannot be over-emphasized. In addi-
tion, degraded soils could henceforth become
centers of enhancirig biodiversity and maintain-
ing nature’s reserves. Soil scientists can play a key
role in developing a site-specific package of prac-
tices for soil restoration. Because of ‘the 'vastness
of the problem, however, coordmated efforts
among résearchers and policy makers is'needed at
local, regional, national, and international scales.

v

Improvement in rainfed agriculture

Developing cotmtries that will expenence
the largest absolute growth in population by
2050 include Indiz (575 m.ﬂlzon) China (309
miliion), Nigeria (200 million), Palustan (200
million), and Ethiopia (140 million) (ther and
Helig 1997). B”y that time, there will be only 1.2
billion people in the more developed countries
compared with 8.2 billion in presently less devel-
oped countries. Most of the population will be
concentrated in Asia and Africa, both” regions
with finite resources of soil and water and with

harsh climates. Therefore, meeting basic demands

of this unprecedented large popula‘cxon in devel—
oping countries will be a major challénge to soil
scientists, land managers, and policy makers. De-
velopmg countries now have about half (52%) of
the world arablé land and 75% of the world pop-
ulation, and whereas the arable land may sf:ay the.
“same or decline, the population will increase to
90% of the world total, Further, at least 3 billion
(about 30% of the popalauon) people. will live in
arid and semiarid- regipns with ‘severe . water

shortage prob}ems (Falkenmark 1994) and’ deser—i

tifrcation (UNEP 1991).
The green revolution of the 196{}5 was -ush-

ered in by agrzcultum‘z intensification throngh_
growing input-responsive and h1gh ym]dmg vari-,

eties on irrigated lands. While sustaining produc—
tivity on irrigated land, future i improvements in
production have to come from agricultural ‘in-

tensification on rainfed cropland and_grazing

land. Multiple cropping, growing more than one

crop per year on the same land, will necessnate'

increased eﬁcmncy of water and nutrient tse.
Greater nutrient input through fertilizers is in-
gvitable, but crop vields wiil. be severely con-~
- strained by water deficit and recurring droaghts
The use of fertilizers and improved varieties is
highly risky in environments with low, variable,
and erratic rainfall. Therefore, water harvesting
and recycling, development of small-scale irriga-
tion technology, and water-saving' irrigation
methods {drip or subirrigation) combiried with
nutrient application will have to be developed.
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The strategy. of agmculturai intensification, in
rainfed. ecoregions, calied the brows rcvolutzon

by Evans (1998), will depend’ on the develop—
- ment of technologies with unprccedented high

water use efficiency. This will involve. develop-
ment of @) tillage. ‘methods that direct’ water
runoff into the TOW ZOne, ma.:urmze mﬁitratmn
capacity and minimize soil. evaporatxon, and-pro-
mote deep and prolific rost systeni deveioPment

(i) time, rate, and formulanons of fertilizers used
in conjunction With .organic’. amendments ‘that
synchronize nutrient” avatability. with. crop ‘de--
mand; (iii) 1rr1gat10n miethods' thif deliver water
directly to. the foot zone with' minimal con-

" veyance losses at a rate and time required for the.

optimum crop yield; (1v) cultural practxces of in-
tegrated pést manageinent t;hat minimize’ the
tisks of soil-born pathogens (et,, nematodes,
stem borer etc.); and. (v) systems: that'} fejtvenate
soil structure through b1oturbat10n (5011 'fauna)
even under intensive systems: - L

Soil Management and the G

In the past, soils in developm
cially those used.for subsistenc
béen a major source of ;ad;at1ve1y~ac€we gasés
{COZ, _CH,,, and N O The' potentml tlm:at of
global warming, Ieadmg to i possible rise in tem—
perature of 0.5 to 1.5,°C by 2050, and an i

in variability and &equency of ‘éxtrems réinfall
events may accenmate ‘the risks of soil degrada—
tion, especially in subtropical regions of lower
mid latitudes. Therefore, soil management sys- -
tems need to be deveIeped that mihimize .the
degradative risks ‘o one’ hand. and lead to soil
carbon sequestration’ and mitigating the. acceler-
ated greenhouse effect on the other. N onagncui—
tural land use and soil mandgément systems, need”
to be identified for marginal lands that Tead to

‘ "ﬁaus'e 'Eﬁ’ect

“soil C sequestration. Over and above the “éh-

hancement of SOC, the processes 4nd’ techmques
that enhance formation of secondary carbonatés
(Nordt et al. 1999; Lal et al. 1999b) need to be
identified and implemented in arid and serndarid
regions. While enbancing nitrogen - use ;effi-
ciency, the emission of N,O from soil has to be
minimized through the _}udlcmus use of fertlhzer
and manures and thé leguminous cover crops
grown as green manuzes. Soii structural attributes
must favor the oxidation of atmospheric methane
and the management of crop residue and
biosolids to enrich the SOC pool and stable mi-
croaggregation, especially in the subsoil below
30-cmm depth (Lal 1999a). Rather than a cause
improved agriculture and soil management
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practices can be an important solution to envi-
ronmental preblems 5

Soil Management and Water Quakty

Agricultural intensification, based on intensive
use of fertilizer/manures and agricultural cherm-»
cals, will grossly exacerbate the risks of eutropl’n—
cation of surface water and contamination, of
ground water. Interdisciplinary research tedms (in-
volving soil scientists, agricultural chemxsts hy-
drologists, microbial ecologists, and crop physmlo—
 gists) need to addzess the issue of water quality by
developing technologies that minimize the risks of
declining water quality. Surface runoff containing
pesticides transported from agricultural lands ‘has
been a major health bazard to rural populations in
south Asia and other developing countries, Water-
shed managément systems that permit ruroff flow
through filter strips, riparian zones, or speczﬂcally
created wetlands need to be developed to mini-
mize the risks of water contamination.:

Hot Spots of the Developing World

Soil management probléms of the &evelopmg
world, especially SSA, Central Asia; and South
Asia, deserve very special attention by the ‘world
community. Sustainable ma.nagement t6f soil. 3nd
water resources of SSA will require. special e
phasis becanse this is the region with very’se ious
problems of soil degradation, declining, yleid and
unprecedented rate of population: growth: «(Eal
1990a). The cutrent rate of fertilizer. apphc:atmn
to food crops is extremely. low, and a large pro-
portion of arable land is marginal. Drastic reduc-
 tion in soil organic matter, depleuon of plant Hu-

trient reserves, and decline rin :soil sstracture
jeading to accelerated soil erdsion with continu-
“ous cultivation will have to bé arrested and e~
versed. In these soils, severity of drought stress

may be linked clesely with low"inherent soil’

fertility, and the vicious cycle of dechmng yield-
degrading soil-lower yield will have to be bro-
ken. Basic principles of improved technoldgy for
sustainable management of these ﬁagde ‘soils in
harsh biophysical and socioeconormic’ environ-
ment may be easily adapted to other semiarid re-
gions, e.g:, south-central India and northeastern
Brazil. Development of such technological inno-
vations will require establishment of long-term
soil management experiments on principal soils
and agroecoregions {Greenland 1997). '
Central Asia is another hot spot, with soil and
environmental degradation problems of enor-
mous proportions, scanty research” kncwledge,
institutions that are weak, and information about

~SOIL SCIENCE

the soil and environmentdl ciegradamon is:not
well known to the outside world. Restoring the

 water balance of the Aral Sea basin, ameliorating

salt-affected soils, diversifying ‘cropping isyste
by rep]acmg somé area-under cottor Wwith: other

crops, restoring: degraded and polluted soils, and

improving water quality are 1mportant igsues that

need immediate attention. There isa need tores~
tablish long-term soil management éxperiments

to study tillage and residue management tech-

niques, urngamon methods and diverse croppmg‘
systeins. h '
South Asia, w1t§1 onenfourth of th Worici

population’ and home. to- most’ of the world’s

poor and malnourished people, is ancther-global -
hot spot. The problem of soil and enivironmental -
degradation is severe despite relatively strong te-
search information and functional institutions.
This region, similar to $SA, suffers from the law
of miarginality. The law states that marginal soils
cultivated with mdrginal Inputs produce: mar-
ginal yields and support marginal living: Further-
more, when people are poverty: stricken-and
starving, they pass on their suﬁ'crmg to'the'land
that is unable to support them "Thig ¥icious éy-
cle, which has engulfed the rising tide of hiitan-
ity in South Asia, has to- be broken to. free -
manity ffom perpetudl poverty; 1 malnu ] 'uon anci
hunger and subhuman ) : :

Research Qualzfy an

countries holds great. potennal £
Specific improvements aré néede
problem and conceptuahze thét dpprdach to.
dress it through interaction.with the: farmeér. The
research program: muist be relevant. toA "
lems of the society, demand-driven, and griginal.

There is an impressive cadre of hzgiﬂy frained and
amply quahﬁed soil scientists in most developing
regions, including SSA. Yet, the -quality” of ‘re-
search output does not rcﬂect the intellectual ca=
pacity of the scientific commumty Part-of the
problem lies’ in research management vand; the
lack of a conducive work atmospheére.: Manage—-
ment of research must encourage originality. The
top down approach, whereby research priorities
and even experimental designs are decided by.a
central planning comumittee, often coriprised of
directors and department heads, puts scientists at
the level of technicians. Young scientists must
have the freedom to contribute. to the research
program at all stages of the planmng process.

There is 2 need to develop. a transparent reward
systen based on productivity-and merit. Soiksci-
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ence and agricuitural professionals must be
shown respect and be adequately rewarded so
that they do not have to look for other _]()bS to
feed their farmhes ‘

CONCLUSIONS

The objectives of improved soil management
technologies for the 21st century are to enhance
agricultural productwny and improve environ-
ments, especially in rainfed cropland and grazing
lands. The strategy is to apply basic principles of
soil science to intensify agricultural production
and address the issues of accelerated greenhouse
effect and decline in water qua}ity as well as other
environmental problems arising from agrlcu2~
tural intensification.

Restoration of degraded soils and ecosysterns
will require thorough understandzng of soil re-

siience characteristics, exogenous and endoge--

nous factors affecting it, and technological options
o restore soil’s life-support processes, Studies of

" biodegradation of agricultural .chemicals and in-
-dustrial pollutants will form an’ xmportant Hew

paradigm of soil research in' developing’ countries.

Enhancing agncultural production in r;imfed
agroecosystems will fequiire gréates mphasis
developing management systerns th

of appropnate
tlﬂage methods and water. harvestmg technolo-

gies. Special emphasxs will have:to be- placed on’

_]L‘ldlClOilS management of. the soils. of SSA, Cen-

. tral Asia, South Asia, and- other ecoregzons w1th

fragile soils and harsh climate’!

A major shift in the paradzgm for 3011 cientists
of the developing countries is the enhancement of
soil quality for diverse ﬁmcnons, mcludmg agri~
cultural production, restoring degraded/polluted
soils, mitigating the greenhouse effect, and de-
creasing the risks of eutrophication and contami-
nation of naturat waters.

Soil scientists will need to play a pivotal role
in developing collaboration between farmers and
biophysical and basic scientists. While addressing
the problem of agricultural intensification needed
to enhance production and meet the dernands of
unprecedented increases in the populations of
developing countries, soil scientists will have to
reach out to other disciplines (hydrology, clima-
tology, ecology, geology, economics, political sci-
ence) to address the increasing risks of soil, water,
and air pollution. Soil scientists will need to iden-
tify themselves with other disciplines to broaden
the scope of their research and to address envi-
ronmental concerns effectively.

Allison, . (ed.). 1996; Challe
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Theze is a strong need for innovative, origi~
nal, high quality, credible, and ‘demand-driven
soil sciefice research in developing countries.Al-
though the avaﬁabzhty of modsrn: Iaboratory fa-
cilities and computers is helpﬁ.xl the quality of
research depends on omgmahty, ded:camon, and
the probiern»solwng skills of the sclentist’ con-
cerned, Scientific rigor and quahty aré‘always )
enhanced by bigger and tougher..ch enges
which are going to be in abundaace forisoil sci-
entists workizdg in deveiopmg countries, In this
regard, research managers and. adnumstrators can’
also play a crucial role in crcatmg tb', _Wor}c at-
mosphere that: (i} rewards’ ongznakty, créativity,
and producnwty, (i) prowdes dcademic’ free~
dom, (ili) minimizes bumaucracy by removmg ‘
bottlenecks and facilitating operations, W} en-
courages znterc%lsmphnamty and (v). creatés truse-
worthy environments,..
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