[image: image2.wmf]11th International Soil Conservation  Organization 

Conference

11º Conferencia de la Organización Internacional para la 

Conservación del Suelo


2
18
[image: image1.wmf]11th International Soil Conservation  Organization 

Conference

11º Conferencia de la Organización Internacional para la 

Conservación del Suelo



CARBON SEQUESTRATION IN SOILS OF THE TROPICS

R. Lal

School of Natural Resources, The Ohio State University, Columbus, OH 43210

ABSTRACT

The tropics cover about 5 billion hectares or 40% of the earth’s land surface.  Principal soils of the tropics include: (i) highly weathered Oxisols, Ultisols and Alfisols in the humid tropics, (ii) Aridisols, Alfisols, Vertisols and Entisols in the semi-arid tropics, and (iii) Aridisols, Alfisols and Entisols in the arid tropics.  The carbon pool to 1-m depth in soils of the tropics comprises 496 Pg of soil organic carbon (SOC) which is about 32% of the global SOC pool, and 210 Pg of soil inorganic carbon (SIC) pool which is 29% of the global SIC pool.  The mean SOC density in soils of the tropics, similar to that in soils of the temperate regions, ranges from 2.7 to 23.6 Kg m-2.  Conversion of natural to agricultural ecosystems, through deforestation/biomass burning and plowing, leads to depletion of the SOC pool.  The rate and magnitude of SOC depletion are exacerbated by accelerated erosion and other soil degradative processes.  The historic loss of SOC from soils of the tropics is estimated at 17 to 39 Pg of C.  Assuming that 60 to 80% of the SOC lost can be sequestered, the potential of SOC sequestration is 12 to 27 Pg C over a 25 to 50-year period.  There are two strategies of SOC sequestration: (i) restoration of degraded soils, and (ii) adoption of recommended agricultural practices (RAPs).  Restoration of degraded soils has a potential to sequester 6 to 11 Pg C over a 50-year period.  Important RAPs include: conservation tillage and mulch farming, cover crops, compost and biosolids, integrated nutrient management, agroforestry, and improved varieties.  The potential of agricultural intensification through such practices is 2 to 4 Pg C over a 50-year period.  In addition, soils of the arid and semi-arid tropics have a potential to sequester SIC.  Leaching of carbonates in ground water with irrigation or percolating water is an important mechanism of SIC sequestration.  Formation of biogenic secondary carbonates is another process relevant to soils of the tropics.

INTRODUCTION

Tropics, regions between the Tropic of Cancer and the Tropic of Capricorn, cover approximately 40% of the world’s land area.  Soils of the tropics, those that occur in the geographic tropics, are characterized by “iso” soil temperature regime in which the difference between mean summer and mean winter soil temperature is 5˚C or less.  Predominant soils of the tropics include Oxisols (1151 million hectares, Mha), Aridisols (912 Mha), Ultisols (902 Mha), and Alfisols (641 Mha) (Buringh, 1979; Van Wambeke, 1992).  In the humid tropics, highly weathered Oxisols, Ultisols and Alfisols cover about 71 percent of the area.  Moderately weathered Inceptisols, Alfisols and Mollisols cover about 9 percent of the tropics.  In addition, hydromorphic soils of alluvial regions cover about 10 percent, and other miscellaneous soils occupy about 10 percent of the land surface (Moormann and Van Wambeke, 1978).  Highly weathered soils have low CEC, low available water capacity and low plant nutrient reserves.  Soils of the semiarid tropics comprise Aridisols, Alfisols, Vertisols and Entisols.  These soils have ustic moisture regime (El-Swaify et al., 1984).  In contrast, predominant soils of the arid regions include Aridisols, Alfisols, Entisols and Vertisols (Dregne, 1976).  Inadequate soil moisture in the root zone is the most important factor limiting biomass production in soils of the arid tropics.


Goals of sustainable management of soils of the tropics are: (i) enhancing food production to meet the demands of rapidly increasing population, (ii) reversing soil degradative trends and restoring degraded soils and ecosystems, (iii) improving quality of surface and ground water resources, and (iv) sequestering C in soil and terrestrial ecosystems to minimize the risks of accelerated greenhouse effect.  A solution to the issues of achieving food security and improving the environment lies in judicious management of soil resources.  The objective of this manuscript is to assess the potential of C sequestration in soils of the tropics to mitigate the greenhouse effect and to identify soil and crop management practices which lead to soil C sequestration.

SOIL CARBON POOL AND DYNAMICS

The soil C pool, comprising soil organic carbon (SOC) and soil inorganic carbon (SIC), plays an important role in the global C cycle.  In addition, the soil C pool is also an important factor that affects soil’s productivity and its environment moderating capacity e.g., the water quality, and air quality including atmospheric concentration of trace gases.  There are several estimates of the C pool in soils of the tropics ranging from 308 to 506 Pg for SOC and 149 to 218 Pg for SIC (Batjes, 1996; Eswaran et al., 1993; 1995; 2000).  Soils of the tropics contribute 32% of the total SOC pool of 1550 Pg in world soils.  Estimates of the regional distribution of the mean SOC pool of 496 Pg in the tropics include 201 Pg in soils of Africa (40.5%), 198 Pg in tropical America (39.9%), 97 Pg in tropical Asia (19.6%) (Kimble et al., 1990).  Soils of the tropical forest ecosystem contain 206 Pg or 41.5% of the SOC pool in soils of the tropics (Eswaran et al., 1993).


The SOC pool is in a dynamic equilibrium with its environment, with a balance of input and output at a steady state level.  The mean SOC content in soils of the tropics may be 2.7 Kg m-2 for Aridisols, 18.4 Kg m-2 for Andisols and 23.6 Kg m-2 for Spodosols.  For similar soils (e.g., Ultisols, Alfisols and Mollisols) and moisture regimes (e.g., humid, sub-humid or semiarid), the mean SOC content is similar in soils of the tropics and the temperate regions (Sanchez et al., 1982; Greenland et al., 1992; Kimble et al., 1990).  The dynamic equilibrium, however, is disturbed by anthropogenic activities, some of which are listed in Table 1.  Settled agriculture began 5 to 10 millennia ago in several regions of the tropics.  A gradual increase in population led to deforestation and conversion of natural to agricultural ecosystems.  Deforestation and biomass burning have been used as tools for conversion to agricultural ecosystems.  Deforestation may contribute as much as 1.7 Pg C/yr (Houghton et al., 1987; IPCC, 1996; 2000).  Biomass burning in the tropics is an important factor leading to emission of about 3410 Tg C/yr from biomass and soil to the atmosphere.  The global annual release of C by biomass burning is 3, 940 Tg/yr (Andrae, 1991).


In addition to deforestation and biomass burning, other agricultural activities leading to C emission from soil to the atmosphere include plowing, residue removal, drainage of wetlands etc.  Numerous studies on soil management have shown drastic reductions in SOC content due to plowing for row crop farming.  In India, Jenny and Raychaudhuri (1960) studied 522 soils and observed losses of soil organic matter (SOM) up to 80% due to cultivation.  In West Africa, Siband (1974) observed that SOM (SOM = SOC x 1.731) content of the surface layer decreased from 2.8% in the natural ecosystem to 0.58% after 180 years of cultivation.  Pieri (1989) modeled this decline and established that even after 90 years, a true equilibrium had not been established.  In western Nigeria, Lal (1996) observed that the SOC of the surface 10-cm layer declined by about 50% within 10 years after deforestation and cultivation.  In the Ivory Coast, Traoré and Harris (1995) reported that SOC content declined steadily with duration of cultivation.  Within 10 years by 1980, SOC content had decreased to 76.7% of its original value without and 80.3% with residue return.  Within 20 years by 1990, the SOC content had decreased to 61.6% and 62.1% of the original value without and with residue return, respectively.  In Australia, Dalal and Carter (2000) reported that SOC pool in the 10-cm layer decreased with cultivation duration from 7.5 – 22.1 Mg C/ha to 4.4 – 10.2 Mg C/ha.  The rate of loss was less in clayey than coarse-textured soils.  In Argentina, Rosell and Galantini (1998) reported a decrease in SOC content of a Haplustoll from 2.71% to 1.54% after 11 years of cultivation.


The SOC depletion in agricultural ecosystems is caused by oxidation of SOC pool, leaching of dissolved organic carbon (DOC), and removal by soil erosion.  The depletion of SOC pool upon conversion from natural to agricultural ecosystems is accentuated by soil degradation, especially that caused by soil erosion and nutrient depletion.  Accelerated soil erosion causes preferential removal of fine soil particles and the light fraction.  Because SOC is concentrated in the vicinity of the soil surface and has low density, it is easily removed and carried away by runoff water or blowing wind.  Consequently, the SOC pool of eroded soils is lower than those of uneroded soils (Lal, 1976; Roose, 1967; 1977; Pieri, 1989).  The enrichment ratio of C in sediments is usually >1 (Lal, 1976) and often as much as 20.  On a global scale, accelerated erosion may have caused emission of 19 to 32 Pg of C into the atmosphere at an annual rate of 1.14 Pg C/yr (Lal, 1995).  The rate of C emission by accelerated erosion in the tropics may be 0.2 to 0.5 Pg C/yr.  With a cumulative historic loss of SOC of 66 to 90 Pg (Lal, 1999), the global loss of SOC by oxidation due to plowing may be 47 to 58 Pg.


There are several mechanisms leading to emission of C from soil to the atmosphere by accelerated soil erosion.  Important among these are: (i) breakdown of aggregates and exposure of previously protected C to microbial activity, (ii) redistribution of C over the landscape where it may be easily mineralized, (iii) methanogenesis of C deposited in depressional sites under anaerobic conditions, and (iv) oxidation of DOC from aquatic ecosystems.

HISTORIC LOSS OF SOC POOL FROM SOILS OF THE TROPICS

It is difficult to obtain reliable estimates of the historic loss of SOC pool.  The magnitude of SOC loss depends on the land use and management.  Land use in the tropics includes 418 Mha of cropland, 51 Mha of permanent crops, 1226 Mha of permanent pastures, 1205 Mha of forest and woodlands, and 1265 Mha of miscellaneous land uses.  Of the total arable land, rice is cultivated on about 100 Mha (FAO, 1996).  Soil and crop management practices within a land use, along with other ecological factors, have an important impact on the magnitude of the historic loss of SOC pool.


Lal and Logan (1995) estimated SOC loss from tropical ecosystem caused by a wide range of agricultural activities.  Estimates of the historic SOC loss included 2 – 13 Pg C by deforestation.  The rate of C emission (vegetation and soil) from tropical deforestation may be 1.66 Pg C/yr (Houghton et al., 1987; IPCC, 2000).  The current rate of SOC loss is 90 to 219 Tg C/yr because of tropical deforestation, 3.8 to 9.2 Tg C/yr by shifting cultivation, 112 to 276 Tg C/yr by annual burning of grasslands, 38 to 92 Tg C/yr by plowing of cropland, 55 to 133 Tg C/yr from pastures, and 2 to 3 Tg C/yr from cultivation of peat soils (Lal and Logan, 1995).  Assuming that 20 to 30 Mg C/ha has been lost from all croplands and land under permanent crops, the total loss of SOC may be 9 to 14 Pg.  If all pastoral lands have lost 5 to 10 Mg C/ha, the total loss from pastureland may be 6 to 12 Pg.  Therefore, total historic loss of SOC from soils of the tropics may be 17 to 39 Pg (mean of 28 Pg) compared with global loss of SOC estimated at 66 to 90 Pg (Lal, 1999). 

STRATEGIES OF SOIL ORGANIC CARBON SEQUESTRATION

Two principals of C sequestration in agroecosystems include: (1) reducing emissions from agricultural activities, and (2) sequestering C in soil and biomass (Fig. 1).  Adoption of these principles can be achieved through: (1) restoration of degraded soils and ecosystems, and (2) adoption of recommended management practices (RMPs) on soils of the managed ecosystems.

1.
Restoration of Degraded Soils and Ecosystems:


With rapidly increasing population, restoration of degraded soils and ecosystems is an important strategy.  Establishing perennial vegetation cover and adding essential plant nutrients can restore degraded soils.  Restoration of degraded soils and ecosystems can enhance biomass production, improve soil quality, and increase SOC pool.  Many soils of the tropics, especially those in densely populated regions of Asia, have been cropped for millennia.  Such soils have lost a large proportion of their original SOC pool because of practices of mining soil fertility.  For example, the present SOC pool of 329 Mha of soils of India is 24.3 Pg with a potential carrying capacity of 34.9 Mha (Gupta and Rao, 1994).

In Haryana, India, Bhojvaid and Timmer (1998) reported a large increase in SOC content by reclamation of sodic soils through growing Prosopis juliflora.  The biomass production by the tree in 30 years included 318 Mg/ha above ground and 44 Mg/ha below ground.  Thus, the mean rate of biomass production was 12.1 Mg/ha/yr, which is a drastic increase in SOC pool through restoration of a sodic soil.  The SOC pool to 1.2-m depth increased from an antecedent level of 11.8 Mg C/ha to 13.3 Mg C/ha in 5 years, 34.2 Mg C/ha in 7 years and 54.3 Mg C/ha in 30 years.  The annual rate of increase was 0.3 Mg C/ha/yr in the first 5 years, 3.6 Mg C/ha/yr from 5 to 7 years, 1.6 Mg C/ha/yr form 7 to 30 years, and 1.4 Mg C/ha/yr as an average rate for the entire 30-year period.  Similar restorative measures could be adopted on soils degraded by other processes e.g., erosion, compaction etc.  Restoration of strongly and extremely degraded soils of South Asia has a potential to sequester 0.2 to 0.6 Pg C over a 50-year period.  In addition, if these lands can be planted to fast growing trees, there is a potential to produce biofuel.  The area of strongly plus extremely degraded soils in South Asia is 24 Mha in the dry zone and 15 Mha in the humid zone.  With biomass production potential of 2 to 4 Mg/ha/yr in the dry zone and 4 to 8 Mg/ha in the humid zone, total biomass production potential of these soils is 108 to 116 Tg of biomass/yr.


Similar potential exists for restoration of degraded soils throughout the tropics.  Oldeman (1994) estimated the area of strongly degraded soils in the world.  Assuming that 25% of all degraded areas are strongly and extremely degraded, total area of such land is estimated at 411 Mha.  If such lands can be planted to fast growing trees with a biomass production potential of 2 to 4 Mg/ha/yr, total biomass production potential of these soils is 0.8 to 1.6 Pg.  This biomass could be used as a biofuel to offset the fossil fuel.  In addition, the amount of below ground biomass and leaf litter added to the soil would enhance the SOC content.  Total SOC sequestration potential of these soils is 5.7 to 10.8 Pg C over a 50-year period.

2.
Enhancing Agricultural Production:


Adoption of RAPs can enhance the production of both above- and below-ground biomass, and increase SOC content.  In comparison with other land uses (e.g., permanent crops, permanent pastures, and forest/woodlands), croplands have lost the most of their original SOC pool because of plowing and susceptibility to erosion.  Thus, there is a tremendous scope for improving soil quality and SOC content through adoption of RAPs on cropland.  In addition to growing high-yielding varieties within appropriate cropping sequences, other components of RAPs include use of conservation tillage and residue mulching, growing cover crops, conserving water and using drip or other efficient irrigation methods, and adopting integrated nutrient management strategies based on appropriate use of biosolids and judicious use of fertilizers (Table 2).  Such practices can enhance SOC content, which has been severely depleted due to land misuse and soil mismanagement.


There is a wide range of RAPs for agricultural intensification in the tropics (Lal, 2000a; b).  The rate of SOC sequestration through adoption of RAPs may be lower in the tropics compared to those in the temperate regions (Lal, 1999).  Further, the adoption rate of RAPs in the tropics may be lower because of relatively weak institutions and difficult logistics.  Principal RAPs, with potential of SOC sequestration, are conservation tillage, cover crops, soil fertility improvement and remedying nutrient depletion by integrated nutrient management, agroforestry on steeplands, improved varieties, and integrated pest management.  Assuming that by 2020 RAPs will be adopted on additional cropland by 80 Mha in Asia, 35 Mha in Africa, 5 Mha in Central America and the Caribbean, 25 Mha in South America and 5 Mha in the Pacific.  With cumulative (sum of all RAPs) SOC sequestration rate of 0.2 to 0.6 Mg/ha/yr, the potential of RAPs for C sequestration in croplands of the tropics is 2 to 4 Pg of C over the next 50 years from 2000 to 2050.

DYNAMICS OF SOIL INORGANIC CARBON

The role of SIC in soil C sequestration is important but not very well understood.  The SIC pool is primarily located in soils of the arid and semi-arid tropics.  Soils of these regions may contain 2 to 5 times more SIC than SOC in the top 1-m layer.  The SIC pool comprises two components: lithogenic inorganic carbon (LIC) or primary carbonates, and pedogenic inorganic carbon (PIC) or secondary carbonates.  The PIC as secondary carbonates occurs in well defined calcic and petrocalcic horizons.  Secondary carbonates are formed through dissolution of LIC and reprecipitation of weathering products.  Combination of atmospheric CO2 with H2O and Ca+2 or Mg+2 in the upper horizons, leaching into the subsoil and subsequent reprecipitation leads to formation of secondary carbonates, and to sequestration of atmospheric CO2.  The SIC may be a source, sink or have no effect on the atmospheric CO2 depending on the mechanism involved (Wilding, 1999).  The PIC formed from base-rich bedrocks or non-carbonate sediments are a sink.  In contrast, PIC formed in calcareous parent materials is neither a sink nor source.  The rate of C sequestration by this mechanism may be 50 to 100 Kg/ha/yr (Monger and Gallegos, 2000).


In irrigated soils, covering large areas in semi-arid and arid tropics, leaching of bicarbonates into the ground water is a major mechanism of SIC sequestration.  This is an important mechanism when ground water undersaturated with Ca(HCO3)2 are used for irrigation (Nordt et al., 2000).  The rate of SIC sequestration through this mechanism may be 0.25 to 1.0 Mg C/ha/yr (Wilding, 1999).  Dissolution of exposed carbonates in soil system (by acid rain, application of N fertilizer or biodisolution) may be a sink for C if the dissolved carbonates are leached through the soil system.  Similarly, removal of dissolved carbonates in surface runoff may also be a transient sink for SIC (Nordt et al., 2000).


Understanding mechanisms of SIC transformations in soils of the arid and semi-arid regions is important.  Desertification control and restoration of degraded soils has a potential to sequester both SOC and SIC (Lal et al., 1999).

CONCLUSIONS

The C pool in soils of the tropics comprises 496 Pg of SOC and 210 Pg of SIC.  Historic land use and soil/crop management practices have caused depletion of the soil C pool by 17 to 39 Pg.  Accelerated soil erosion leads to an annual emission of 0.2 to 0.5 Pg C/yr.  Restoration of degraded soils and ecosystems can lead to improvement in soil quality and sequestration of C in biomass and soils.  Restoration of sodic soils by afforestation with Prosois sp. can produce biomass at 12 Mg/ha/yr and increase SOC content at 1.4 Mg/ha/yr for a 30-year period.  There is a similar potential in restoration of soils degraded by other processes i.e., accelerated erosion, nutrient depletion, decline in soil physical quality etc.  In addition, there is a large potential to enhance SOC pool of agricultural soils by adoption of recommended agricultural practices.  These practices include conservation tillage, mulch farming, managing/enhancing soil fertility through integrated nutrient management including judicious use of fertilizers and organic amendments, cover crops, and improved varieties.  The total potential of C sequestration in soils of the tropics is 81 to 167 Pg over a 50-year period at the rate of 1.6 to 3.3 Pg C/yr (Table 3).  The strategy of SOC sequestration is a truly win-win situation.  It improves soil quality and increases agronomic/biomass productivity, improves water quality by enhancing buffering capacity and increasing biodegradation, and mitigates the greenhouse effect through reducing emission of greenhouse gases and sequestration of C in soil and biomass.  An answer to the dual challenge of achieving food security and improving the environment lies in sustainable management of soil resources.
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Table 1.  Anthropogenic activities leading to soil degradation and depletion of SOC pool.

	Activity
	Processes leading to SOC depletion

	1. Deforestation

2. Biomass burning

3. Subsistence farming

4. Plowing

5. Lack of restorative fallow
	Erosion, mineralization, leaching

Mineralization, volatilization

Mineralization, leaching

Erosion, mineralization

Nutrient depletion


Table 2.  Some RAPs to enhance SOC pool in soils of the tropics.

	Practice
	Other impacts on soil quality

	1. Mulching

2. Conservation tillage

3. Cover crops

4. Soil fertility management

5. Agroforestry
	Nutrient cycling, soil and water conservation

Erosion control, favorable soil moisture and temperature regimes, nutrient cycling, soil fauna

High biomass, erosion control, deep root system, nutrient cycling, forages

Enhancement of soil quality, biomass production

Biofuel, nutrient cycling, forage, erosion control, deep root system


Table 3.  Potential of SOC sequestration in soils of the tropics.

	Practice/process
	Potential over 50 years (Pg C)

	1. Erosion control

2. Restoration of strong & extremely degraded soils

3. Biofuel offset on 411 Mha

4. Adoption of RAPs on cropland

5. Adoption of RAPs on permanent pasture

Total
	10.0 – 25.0

5.7 – 10.8

57.5 – 115.0

2.2 - 4.1

6.0 – 12.0 

81.4 – 166.9
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                       Fig. 1  Agricultural options for mitigating the greenhouse effect.
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