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Abstract

World soils represent the largest terrestrial pool of organic carbon (C), about 1550 Pg compared with about 700
Pg in the atmosphere and 600 Pg in land biota. Agricultura activities (e.g., deforestation, burning, plowing,
intensive grazing) contribute considerably to the atmospheric pool. Expansion of agriculture may have contributed
substantially to the atmospheric carbon pool. However, the exact magnitude of carbon fluxes from soil to the
atmosphere and from land biota to the soil are not known. An important objective of the sustainable management
of soil resources is to increase soil organic carbon (SOC) pool by increasing passive or non-labile fraction. Soil
surface management, soil water conservation and management, and soil fertility regulation are all important aspects
of carbon sequestration in soil. Conservation tillage, a generic term implying all tillage methods that reduce runoff
and soil erosion in comparison with plow-based tillage, is known to increase SOC content of the surface layer.
Principal mechanismsof carbon sequestration with conservation tillage are increase in micro-aggregation and deep
placement of SOC in the sub-soil horizons. Other useful agricultural practices associated with conservation tillage
arethosethat increase biomassproduction (e.g., sail fertility enhancement, improved crops and species, cover crops
and fallowing, improved pastures and deep-rooted crops). It is also relevant to adopt soil and crop management
systems that accentuate humification and increase the passive fraction of SOC. Because of the importance of C
sequestration, soil quality should be evaluated in terms of its SOC content.

Introduction ic carbon (SOC) to the atmosphere. The mineraliza-

tion rate of SOC may range from about 20% in 20

World soils play an important role in carbon (C)
cycling. Being aprincipal terrestrial C pool, soils con-
tain more than twice the C than in the atmospheric
pool or in the land plant or biotic pool (Fig. 1). An
exact magnitude of fluxes from soil to the atmosphere
and from biota or land plant to the soil are not known.
It is apparent, however, that atmospheric C pool has
increased at the expense of soil pool since the begin-
ning of agriculture. Converting prairies, grassland, for-
est and woodlands into arable landuse has increased
efflux of C from soil to the atmosphere. Agricultural
practices with drastic impact on increasing C efflux
include deforestation, burning, plowing, and continu-
ous cropping (Houghton et al., 1983; La and Logan,
1995). In general, intensive cultivation or continuous
cropping leads to decline in soil organic matter con-
tent (Post and Mann, 1990), and release of soil organ-

yearsin temperate climate to about 50%in 10 yearsin
the tropics (Woomer et al., 1994). Several researchers
(Bram, 1971; Jenkins and Ayanoba, 1977; Lal, 1979)
observed an exponential decline in soil organic matter
content with cultivation time in soils of West Africa
Agricultural practices affect soil C reserve by influ-
encing at least two processes. (i) increasing rate of
biomass decomposition and mineralization releasing
CO; into the atmosphere, and (ii) exposing SOC inthe
soil surface to the climatic elements thereby increas-
ing mineralization of C. The rates of these processes
are governed by several exogenous and endogenous
factors including inherent soil properties, micro and
meso-climate, and management practices. Extensive
agricultural systems, with noneor alittle external input
may accentuate C efflux from soil (Lal et al., 1995b).
Carbon efflux from agricultural land is also accentu-
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Figure 1. Role of soil in C cycling (adapted from Lal et al., 1995a; Hall, 1989; Bouwman, 1990; Post et al., 1990).

ated by on-set of soil degradative processes. Those
processes which are accentuated by agricultural prac-
tices and exacerbate C flux include erosion, leaching
and soil fertility depletion, and declineof soil structure.
The purpose of this manuscript is to: (i) illustrate
the role of soil in C cycling, (ii) describe properties
and processesthat enhance SOC reservesand decrease
turnover rate of SOC, and (iii) illustrate the impor-
tance of conservation tillage and other practices and
management systemsthat reversethe degradativetrend
and facilitate C sequestration in soil. These objectives
are achieved by rationalizing basic concepts and cit-
ing examples of SOC dynamicin relation to processes
and practices with drastic impact on C cycling. This
manuscript is not acomprehensivereview on terrestri-
al C poolsand their dynamics, and readersarereferred
to relevant literature on the subject (Bouwman, 1990;
Hall, 1989; Post et al., 1990g; b; Lal et a., 1995zg; b).

Soil management for C sequestration

The principal objectives of soil management are to
maintain or enhance: (i) productivity per unit input,

area, and time, and (ii) environmental regulatory func-
tions e.g. filtering pollutants from water and regu-
lating atmospheric quality. Atmospheric quality, an
important issue of modern times, is a global concern
because of the potential greenhouse effect. The green-
house effect in relation to soils is attributed to release
of radiatively-active gases from soil to atmosphere.
Therelease of radiatively-active gases from soil relat-
ed processes depends on functional poolsof SOC. The
turnover time dependson the type of SOC content, and
rangesfrom 0.2 to 1.4 year for active or labile fraction
to several thousand years for passive pool (Table 1).
Judicious soil management should reduce emissions
(of CO,, CH4 and NOy), and reverse the trends by
increasing C reserves of the passive pool comprising
resistant humic substances.

There are three principal components of soil and
water management in relation to C sequestration in
soil (Fig. 2). Soil surface management involves. (i)
seedbed preparation through varying frequency, inten-
sity, and type of tillage operations, and (ii) crop residue
management and return of organic byproducts to the
soil surface. Seedbed preparation, based on mechan-
ical soil manipulation, is a principa factor respon-
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Table 1. Functiona pools of soil organic carbon and their turnover time (adapted from Parton

et al., 1987; Woomer et a., 1994).

Turnover time (yr)

Composition

Functional pool

Active or labile fraction 02-14
Slow or labile fraction 8-50
Passive pool, humic substances 400 - 2200

Microbia biomass, soluable
carbohydrates exocellular
enzymes

Particulate organic matter (50
pm -2 mm)

Humic and fulvic acids,
organo-mineral complexes.

Table 2. World estimate of crop residues production (adapt-
ed from Lal, 1995).

Crop Estimated residue production (108 Mg/yr)
Ceresdls 2562
Legumes 238
Oil crops 162
Tota 2962

sible for exacerbating soil processes that accentuate
C mineralization and decomposition. Several experi-
mentshave shown that plowing decreases SOC content
both in temperate (Carter, 1993) and tropical ecosys-
tems (Lal, 1989). In contrast to plowing, conserva-
tion tillage practices reduce frequency and intensity
of tillage, retain crop residues as mulch on the soil
surface, reduce risks of runoff and soil erosion, and
increase SOC content of the surface soil. Conservation
tillage is known to enhance SOC in the surface soil
horizonsthrough several mechanisms(e.g., aterations
of soil temperature and moisture regimes, and erosion
control) (Lal, 1989; Kern and Johnson, 1993).

The SOC content also depends on the type of con-
servation tillage and amount of crop residues returned
to the soil surface, and may be linearly related to crop
residue returned to the soil. In tropical West Africa,
Lal et a. (1980) reported alinear relationship between
cropresiduereturned and SOC content. Theseand oth-
er findingsindicating positive effects of residue return
on SOC highlight the importance of judicious manage-
ment of large quantity of crop residue produced in the
world (Lal, 1995). Crop residuesproducedintheworld
are estimated at 2962 million Mg/yr (Table 2). Even a
fraction of these residues returned to the soil through
conservationtillage canincrease SOC content and lead
to C sequestration. Soil water management al so affects
SOC content by optimizing the soil moistureregimefor

Table 3. Soil drainage and tillage effects on soil organic matter
content in 0-50 cm depth of a Crosby-Kokomo association in
Ohio (adapted from Fausey and Lal, 1992).

Soil organic matter content (%)

Tillage method Drained Undrained t-Test
No-till 21 33 *
Raised beds 23 3.0 NS
Ridge till 15 25 *
Moldboard plow 16 24 *
LSD o5 (tillage) 0.40 0.57

*Significant at 10% probability level.

plant growth. Three aspects of water management in
relation to SOC content arein-situ conservation, water
harvesting and supplemental irrigation, and drainage.
Both in-situ conservation and supplemental irrigation
are important for improving biomass production and
increasing SOC in arid and semi-arid ecoregions. In
contrast to irrigation, drainage of excessively wet soils
may decrease SOC content by increasing soil temper-
ature and increasing the rate of mineralization. Fausey
and Lal (1992) reported from Ohio that sub-surface
drainage decreased SOC and soil aggregation (Table
3).

Soil fertility management is equally important in
maintenance of SOC at high level (Fig. 2). Fertility
maintenance may involve use of organic wastes and
other byproducts, supplemental use of inorganic fer-
tilizers to balance soil nutrient reserves, and biologi-
cal nitrogen (N) fixation. Beneficial effects of apply-
ing organic materials on SOC are well known from
several long-term experiments (Wilson, 1991; Brown,
1994). Long-term fertilizer experiments conducted in
the tropics have al so shown beneficial effectson SOC.
It is important to realize that low input agricultur-
al systems deplete SOC and accentuate risks of the
greenhouse effect. These systems include shifting cul-
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Figure 2. Soil management practices for C sequestration.
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Figure 3. Tillage effects on soil processes that affect C dynamics and reserves in soil.




tivation and other traditional systems of extensive and
subsistence agriculture. Improving traditional systems
through incorporation of leguminous crops in rotation
and growing woody shrubs and trees in association
with food crops and pastures (Kang et al., 1981) for
biological N fixation and nutrient cycling are good
strategies to enhance SOC content.

Conservation tillageand C cycling

Soil tillage affects SOC through its influence on both
aggrading and degrading processes (Fig. 3). Soil
aggrading processes that enhance SOC are humifica-
tion of crop residue and other biomass, increase in
resistant or non-labile fraction of SOC, sequestration
of SOC in the formation of organo-mineral complexes
and increase in stable aggregation, and deep place-
ment of SOC in sub-soil horizons. In contrast, soil
degrading processes with negative impact on SOC are
erosion, leaching, and mineralization.

Conservation tillage, a generic term denoting a
range of tillage practices that reduce soil and water
lossesin comparison with conventional or plow-based
tillage method and use crop residue mulch to provide
a protection against raindrop impact, increases SOC
through enhancement of soil aggrading processes and
reversal of soil degrading processes(Lal, 1989; Carter,
1993). Several experiments conducted in temperate
and tropical regions have demonstrated the beneficial
effects of conservation tillage on SOC (Juo and Lal,
1978; Lad, 1979; Dala, 1989; 1992; L4l et al., 1989;
Carter, 1993). On an Ultisol in Eastern Nigeria, Ohiri
and Ezumah (1990) observed about 8% higher SOC
in conservation tillage compared with conventional
tillage systems.

Conservation tillage usually has a positive impact
on activity and species diversity of soil fauna (e.g.,
earthworms and termites). Earthworm activity is
notably improved by conservation tillage (Lal et al.,
1980; Lal, 1975; Lavelle, 1988). It is also due to the
beneficial effects of soil faunathat conservationtillage
improves soil hydrologic properties (Roth et al ., 1986;
1988; Sidiras and Roth, 1987; Chan and Mead, 1989;
Datiri and Lowery, 1991a; b) and soil tilth (Karlen et
al., 1990). Activity of soil faunausually has beneficial
effect on SOC because of mixing and deep placement.
Burrowing activity of soil fauna facilitates transoca-
tion of SOC from surface to the sub-soil. Conserva-
tion tillage also improves aggregation and stability of
aggregates (Prove et a., 1990; Lal, 1989). Soil water
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conservation is a principal advantage of conservation
tillage (Blevins et a., 1971; 1977; Lal, 1979; Som-
mer and Zach, 1992; Thorburn, 1992; Unger, 1990;
Unger and Musick, 1990). Increasein water availabil-
ity in the root zone improves biomass production and
improves SOC content (L etey, 1985). Kern and John-
son (1993) eval uated theimpact of conservationtillage
on C sequestration in soils of the contiguous United
States. They estimated that maintaining conventional
tillagelevel of 1990 until 2020 would resultin 46 to 78
Tg SOC loss. In contrast conversion of conventional
tillage to no-till would resultin 80to 129 Tg SOC gain
in soil for the low scenario and 286 to 468 Tg SOC for
the high scenario (Table 4).

Effective mechanisms of C sequestration in soil

Dynamicsof SOC, that determinesthe equilibrium sta-
tus, depends on several factors including soil proper-
ties and especially the aggregation. It is the increase
in amount of SOC in slow or inactive pool that is an
important factor in C sequestration, and the slow pool
may be involved in aggregation. Therefore, improved
SOC reserves may imply increasing the slow or resis-
tant pool. There are two strategies or mechanisms of
C sequestration: (i) increasing stable proportion of
macro- and micro-aggregates, and (ii) deep placement
of SOC in the sub-soil horizonswith sub-surfaceincor-
poration of biomass (Fig. 4). Cementation of prima-
ry particles and clay domains and micro-aggregates
is based on formation of organo-mineral complexes.
These complexes bind clay into aggregates, thereby
immobilizing and sequestering the C. There are sever-
al techniques for improving micro-aggregation. How-
ever, these techniques are soil and ecoregion specific.
Resck et al. (1991) observed in the Cerrado region of
Brazil that continuous cultivation for 11 years altered
aggregate size distribution and SOC content of the
aggregates. About 90% of aggregateswere > 2mmin
natural Cerrados, but after 11 years of cultivation only
62% were in this size range. This change in aggrega-
tion showsthat the slow SOC pool isalso an important
component of macro-aggregates. Further, disturbed
systems contain low levels of SOC compared with
undisturbed systems. Many experiments have shown
increase in total aggregation by application of organic
amendments and compost (Tisdall, 1996). Aggrega
tion is also improved by application of even a low
level of polymersor soil conditioners (Williamset al.,
1968; Greenland, 1972; Levy, 1996). Soil conditioners
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Table 4. Changes in soil organic carbon (SOC) and fossil fuel C emissions for the three tillage scenarios (adapted from Kern and Johnson,

1993).
Tillage System Scenario 1 Scenario 2 Scenario 3
SOC Fuel C SOC Fuel C SOC Fuel C
Mean Min  Max Mean Min Max Mean  Min Max
Tg C

Conventiona -62 -46 -78 -121 -36 -27 -45 -87 -19 -14 -24 -67
Minimum-Till 0 0 0 -30 0 0 0 -52 0 0 0 -66
No-Till 0 0 0 -6 +104 +80 +129 -10 +377 +286  +468 -13
Totals -62 -46 -78 -157 +68 +53  +84 -149 +358 4272 +444 -146

Mean Min  Max Mean Min Max Mean  Min Max
Net C Gain/lLoss +=  -219 -203  -235 -81 -96  -65 +212  +126  +298

T Scenario 1 = 1990 mix of tillage practices continues unchanged through 2020.
Scenario 2 = Beginning with 1990 mix of tillage practices, conservation tillage practices are increased until they reach 57% of mgjor crop

land areain 2010. The SOC accumulation until 2020 isincluded.

Scenario 3 = Beginning with 1990 mix of tillage practices, conservation tillage practices are increased until they reach 76% of mgjor crop

land areain 2010. The SOC accumulation until 2020 isincluded.

1 Negative numbers refer to net C loss and positive numbers to net C gain.

are generaly used in stabilizing soil structure and for
erosion control on steep slopes. However, conditioners
may also beused inimproving aggregationfor increas-
ing SOC and C sequestration. Deep incorporation of
humus or non-labile fraction beneath the plow layer is
another effective strategy for C sequestration (Bouw-
man, 1990; Fisher et a., 1994). Carbon placed beneath
the plow layer is not easily decomposed because it is
not exposed to climatic elements. Practicesthat lead to
deep placement of SOC include activity of soil fauna,
vertical mulching, and growing deep-rooted annuals
and perennials (Lal and Kang, 1982; Wilson, 1991).
Vertical mulching is atechnique of soil-water conser-
vation whereby crop residues and other biomass are
placed in trenches 30 to 50 cm deep. Deep placement
of residues keeps trenches open and facilitates water
infiltration into the soil. Vertical mulching, practiced
regularly with substantial quantity of crop residue, can
also facilitate increase in SOC in the sub-soil horizons
(Lal, 1986).

Growing deep-rooted plantsis another useful and a
practical technique of improving soil structure (Stein-
ert et a., 1990) and increasing SOC content in the
sub-soil horizons. Fisher et al. (1994) observed that
growing improved pastures in acid savanna soils in
South America may drastically improve SOC content
of the sub-soil. In West Africa, Lal et a. (1978; 1979)
also observed significant positive effects of growing
cover cropson increase in SOC content.

Cultural practicesto enhance C sequestration with
conservation tillage

An absolute quantity of SOC within a natural ecosys-
tem depends on many ecologica factors. Important
among these are annual precipitation, mean annual
temperature, and soil texture. Conversion from natural
to an agricultural land use often resultsin loss of SOC.
Woomer et al. (1994) proposed the model shown in
Eq. 1 to estimate loss of C from managed ecosystems.

Ciioss = —0.55+ 0.26Cp + 0.055%clay — 0.49P (1)

where Cyoss is C loss from field soils in kg/m?, Cq is
C storage within the natural ecosystem (kg/m?), P is
mean annual precipitation (m/yr), and clay is percent-
age of soil particles < 0.002 pm. Over and above the
effect of climate and soil, the rate of decline of SOC
also depends on soil and crop management. Agricul-
tural practices with a profound positive effect on SOC
content are cover crops and fallowing, agroforestry
and agro-pastoral systems, rotations with deep-rooted
crops, and crop residue management or mulching. Cul-
tural practices with proven positive effect on SOC
outlined in Fig. 5 are of two categories: (a) those
that increase biomass production, and (b) those that
increase humification:

(a) Increasing biomass production:

Any system that produces and returns biomass to the
soil has potentially positive effect on SOC content.
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Figure 5. Some relevant agricultural practices to enhance C sequestration.

The SOC pool can also be substantially increased by
change in landuse if a cultivated or managed ecosys-
tem produces and returns more biomass to the soil
than the natural ecosystems. Experiments conducted
in Cerrados, Brazil by Resck et al. (1991) showed that
change of land use from native savannato continuous

Practices to increase
humification

None or Returning crop Preventing losses
controlled residues and other « CRP
burning biomass to the soil Soil restoration

rice cultivation for 2 years increased SOC by about
21%. However, SOC decreased by 7% by continuous
cultivation of soybeans for 3 years. Nye and Green-
land (1960) and Young (1976) proposed the model in
Eqg. 2 to show the rate of SOC increase in soil during
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fallowing:
I=A(1-P) (2)

where | is increase in SOC content, A is addition of
SOC to the soil and Pis SOC in anatural ecosystem.

Cover crops and fallowing:

Growing aggressive cover crops and managed fal-
low systems enhance SOC content. Lal et al. (1978)
observed that growing grasses and leguminous cover
cropsfor 2 yearsincreased SOC content of a degraded
Alfisol in western Nigeria. In the Amazonian region,
Martinset a. (1991) observed that fallowingincreased
SOC content of the sand fraction.

Agroforestry and agro-pastoral systems:

Cropping systems that produce and return biomass to
the soil surface enhance SOC content. Relatively low
biomass produced in monoculture grain crops may be
greatly enhanced by mixed or polycultures(e.g., agro-
forestry or agro-pastoral systems). However, removal
of biomass or intensive cultivation may reduce SOC
contents even in these systems (Lal, 1989; 1995).

Improved pastures and deep-rooted crops:

Deep-rooted crops with capacity to produce biomass
in large quantities may enhance SOC content of the
sub-soil horizons where it is not easily mineralized
and decomposed (Pereira et a., 1954; Kannegieter
1969; Kemper and Derpsch, 1981). Ley farming sys-
tems, with controlled grazing and low stocking rate, are
effective in reducing losses and improving SOC pool
(McCown et al., 1979; 1985). Deep- rooted grasses
may increase SOC both in coarse and fine soil fractions
(Albrecht 1988; Feller et al., 1987). In the Amazonia
region of Brazil, Teixeira and Bastos (1989) observed
that conversion of primary forest to improved pasture
maintained a high level of SOC in the top 0 to 20 cm
depth (Table5). In the Cerrado region of Brazil, Resck
et al. (1991) observed that SOC content was consider-
ably moreinless disturbed systems (e.g. native savan-
na, pastures, and trees) than in disturbed systems (e.g.
soybean). Soils under Brachiaria pasture contained 23
to 29 Mg/hamore SOC than soils under cultivation for
11 years. Experiments conducted in acid savanna soils
of Colombia have shown large increasesin SOC con-
tent by deep-rooted pastures (Table 6). If these data
are representative, Fisher et a. (1994) claim that C
sequestration in 250 million ha of acid savanna soils
of Latin Americamay be as much as 500 Mg C/halyr.

Table 5. Mean soil organic carbon
(SOC) content of 0—20 cm depth
under primary forest and pasture of
Brachiaria humidicola in a clayey
Oxisol in Central Amazon, Brazil
(adapted from Teixeira and Bastos,

1989).
Ecosystem SOC (%)
Primary forest 2.62

1-year old pasture  2.40
2-year old pasture  2.10
6-year old pasture  2.32
7-year old pasture  2.48
8-year old pasture  2.40

Residue management and mulching:

Judicious use of crop residue and mulch farming tech-
niques are effective in C sequestration (Lal, 1975;
1976; La et d., 1980). Feller et al. (1987) observed
that mulching of asandy soil in West Africaincreased
SOC especialy inthefraction finer than 50 um. Farm-
ing systems that produce a large quantity of biomass
and return it to the soil support more SOC pool than
those that produce less.

(b) Increasing humification:

Improving the slow C pool or humus content is an
important strategy to enhance the SOC pool. The
labileor activefractioniseasily decomposed. Manage-
ment practices to enhance humification include none
or controlled burning, returning crop residue mulch
and other biomass to the soil, and preventing losses
through conservation- effective measures [e.g., Con-
servation Reserve Program (CRP), afforestation, and
soil restoration (Fig. 5)]. Benefits of these programsin
improving SOC contents are well documented (John-
son, 1995; Lal et al., 1995,b).

Soil quality indicatorsfor C sequestration

Soil quality, soils capacity to produce economic goods
and services and perform environmental regulatory
functions, is governed by SOC through its effect on
numerous soil properties and processes. Soil quality is
afunction of SOC, median aggregate size asameasure
of soil structure and tilth, and C content in aggregates
of different size fractions (Fig. 6). These attributes
are affected and in turn influenced by: (i) activity and
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Table 6. Increase in soil organic carbon (SOC) content (Mg/ha) in some Savanna soils of Colombia
by deep-rooted pastures (adapted from Fisher et d., 1994).

Depth A.gayang/S. capitata  B. humidicola  B. humidicola/A. pintol
Mg/ha

0-20 7.1+2.0 5.7+4.3 17.8+4.2

20-40 9.3+2.8 5.3+3.2 18.6+6.0

40 - 100 34.3+9.3 14.94+6.2 34.0+10.0

Total increase  50.7+11.4 25.9+7.7 70.4+15.5

Soil Organic Carbon (SOC)
+ Total amount

+ Permanent fraction

+ Depth distribution

Aggregation .

. ggTot%nl aggregation Soil Quality Index SOIM?:Cl:‘I(l)if

+ Micro-aggregation ™ 8,=f(SOCy, Dsy, Agg.) Ton auna

+ Cin aggregates 9 ¢ Biomass or labile C
Clay Minerals

« Surface area
+ Swell-shrink capacity
» Charge properties

Figure 6. Sail quality index for C sequestration in relation to soil properties.

speciesdiversity of soil fauna, (ii) quantity and quality
of SOC, (iii) structura properties and (iv) interaction
with clay minerals (Fig. 6). Soil quality enhancement
implies improvements in SOC content through judi-
cious soil and crop management, appropriate land use,
and science-based improved agriculture. Sustainabili-
ty isalsointimately linked to soil quality. Management
of SOC, therefore, is crucial to high soil quality and
attainment of agricultural sustainability.
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