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INTRODUCTION 
 
Agricultural lands, comprising arable land, permanent crops and pasture, occupy 
about 40% of the earth’s land surface1, and these lands are expanding. Most of the 
agricultural land is under pasture (~70%), and only a small percentage (<3%) are 
under permanent crops. Over the past four decades, an average of 6 million ha of 
forest and grassland has been converted to agriculture annually. Agricultural lands 
will continue to increase in the coming decades, with large increases expected in Latin 
America and Africa (see Rosegrant et al., 2001; IPCC, 2007).  
 
It is particularly difficult to estimate actual GHG emissions from agriculture and other 
land uses because of the high degree of both spatial and temporal variability 
associated with the underlying causes of these emissions. The spatial variability has to 
do with both the variation in the biophysical environment and variation in farm 
management. This is particularly problematic for estimation of the non-CO2 GHGs 
like nitrous oxide (N2O) and methane (CH4), both of which present large variation 
across landscapes and regions (Verchot et al., 1999; 2000; Davidson et al., 2000; 
Davidson and Verchot 2000). Temporal variability is driven to a large extent by inter-
annual variations in local weather and farmers’ response to these variations.  
 
To standardize all gases for comparison in this paper, we use the global warming 
potentials (N2O = 310 and that of CH4 = 21) to calculate the effect of emissions on 
atmospheric forcing in terms of carbon dioxide equivalents (CO2e). Thus, for 
example, one tonne of N2) emitted will be equivalent to 310 tonnes of CO2. 
 
Our best estimate is that agriculture accounts for about 10-12% of the total global 
anthropogenic emissions of GHGs or between 6 and 8 GtCO2e per annum. Emissions 
are increasing rapidly in agriculture and between 1990 and 2005; these increases are 
estimated to have been on the order of 17%. Emissions are expected to continue to 
increase due to increased demand for food as populations grow, and shifts in diets as 
societies in developing countries become wealthier and meat consumption increases. 
There are two types of emissions directly attributable to agriculture:  

 Non-CO2 GHGs from management operations = 6.2 Gt CO2e 
 Energy related CO2 emissions (including emissions from manufacture of 

fertilizer) = 0.6 Gt CO2e  
 
Land-use change is often for agriculture, but there are other drivers of deforestation 
and conversion of natural ecosystems to other land uses. Global emissions from this 
source are equal to 7.6 Gt CO2e; the portion attributable to agriculture is generally not 

                                                 
1 FAOSTAT, 2008 (http://fao.faostat.org) 



separated out in global estimates (Houghton, 2007). We will deal with opportunities 
to alter this flux through carbon sequestration in agricultural systems in this paper. 
 
Energy related emissions are small from the sector both in absolute magnitude and as 
a percentage of the emissions from the sector and will not be discussed here. Non-
CO2 GHG emissions are an order of magnitude greater than the energy emissions. 
Emissions from land-use change often associated with agriculture are also large.  
 
Non-CO2 greenhouse gases 
Agriculture accounts for between 59 and 63% of the world’s non-CO2 GHG 
emissions (USEPA 2006a, b). This sector accounts for 84% of the global N2O 
emissions and 54% of the global CH4 emissions (USEPA, 2006b). These emissions 
are principally from six sources: 

 N2O from soil 
 N2O from manure management 
 CH4 from enteric fermentation 
 CH4 from manure management 
 CH4 from rice cultivation 
 CH4 from other sources 

o Savannah burning 
o Burning of agricultural residues 
o Burning from forest clearing 
o Agricultural soils (CH4) 

 
Nitrous oxide emission from soils is the most important emission for the sector, 
followed by CH4 from enteric fermentation (Table 1). CH4 from rice cultivation is the 
third largest source. The driver of emissions from this sector is production, which will 
increase in the near future to keep pace with the growing population, particularly in 
tropical developing countries. A change in diet preferences and increased 
consumption of meat as societies become more affluent is also an important driver, 
particularly for emissions from enteric fermentation. By 2030, non-CO2 GHG 
emissions from agriculture are expected to be almost 60% higher than in 1990 
(Verchot 2007). 
 
There are numerous opportunities for mitigating non CO2 GHGs in agriculture. GHG 
emissions can be reduced by managing carbon and nitrogen more efficiently in 
agricultural ecosystems (Bouwman, 2001; Clemens and Ahlgrimm, 2001). Carbon 
can be sequestered from the atmosphere and stored in soils or in vegetation, for 
example in agroforestry systems (Verchot et al., 2007; Lal, 2004; Albrecht and 
Kandji, 2003). Crops and residues from agricultural lands can be used as a source of 
fuel to displace fossil fuel combustion, either directly or after conversion to fuels such 
as ethanol or diesel (Schneider and McCarl, 2003; Cannell, 2003). In the following 
sections, we examine some promising options. 
 
Table 1. Non-CO2 GHG emissions (Mt CO2e) by source in the agricultural sector  

 Year 
Source 1990 1995 2000 2005 
N2O Soil 2284 2405 2610 2782 
N2O manure 196 199 205 219 
CH4 enteric fermentation 1772 1804 1799 1929 



CH4 manure 223 225 225 235 
CH4 other 268 274 455 456 
CH4 rice 601 621 634 672 
Global total 5343 5528 5928 6291 

 
Mitigation of non-CO2 GHGs 
There is a large variety of mitigation options for agricultural gases. In many cases, 
there are production or cost tradeoffs that need to be understood in order to design 
proper incentives for uptake of these practices. Mitigation measures include 
agronomic measures such as improved crop varieties, fertility management, erosion 
control, irrigation management, and increased use of cover crops and crop rotation. 
Some soil management measures including improved nutrient management and 
reduced tillage will reduce emissions and sequester carbon. Better residue and water 
management in rice can yield significant reductions of CH4 emissions. For livestock, 
there is a wide range of practices associated with grazing land management, manure 
management, and feeding that can reduce emissions and increase carbon 
sequestration.  
 
Emissions of N2O from croplands are often associated with applying fertilizer in 
excess of crop demands. One mitigation goal might be to reduce excess fertilizer 
application while maintaining high yields. Several mitigation options could be 
considered: 

 Split fertilization: Application of the same amount of fertilizer as in the 
baseline, but divided into three smaller increments. 

 Fertilizer reduction to match crop needs.  
 Application of nitrification inhibitors and the use of slow release fertilizer 

formulations reduce the conversion of ammonium to nitrite and limit N2O 
emissions. 

 
In intensive animal production systems manure decomposes under anaerobic 
conditions and result in a fermentative digestion process with the production of CH4 
rather than CO2. The composition of manure can influence the amounts of N2O 
emitted. Up to 90 per cent of the CH4 emitted by anaerobic manure management 
systems can be captured and combusted. For the case of composting, 10 to 35 per cent 
of the emitted CH4 can be reduced. Reductions in N2O emissions in intensive systems 
can be achieved through improved manure application to soils. Regional mitigation 
potentials for manure management application practices according to Smith et al. 
(2007) are provided in Table 2 below.  
 
Table 2. Mitigation potentials through manure management practice (tCO2e ha-
1 yr-1) 

Climate Zone CO2 CH4 N2O 
Cool-dry 1.34 (-3.19–6.27) 0.02 (0.01–0.02) 0.00 (-0.17–1.30) 
Cool-moist 2.79 (-0.62–6.20) 0.00 0.00 (-0.17–1.30) 
Warm-dry 1.54 (-3.19–6.27) 0.00 0.00 (-0.17–1.30) 
Warm-moist 2.79 (-0.62–6.20) 0.00 0.00 (-0.17–1.30) 

Source: Smith et al. (2007) 
Note: Values in parentheses correspond to low and high mitigation potential. Positive 
values represent CO2 uptake, which increases the soil carbon stock, or a reduction in 
emissions of N2O.  



 
Methane emissions from enteric fermentation can be reduced in a number of ways. 
(Smith et al; 2007). Improved feeding can provide an enriched diet to animals, which 
improves their digestion efficiency and lowers enteric CH4 emissions. Grain 
supplementation can be costly and is appropriate for confined animals. Choice of 
forages can also reduce emissions: use of forages with higher nutritional quality; use 
of forage from plants containing natural methanogenic depressors, such as condensed 
tannins; mineral supplementation to overcome possible nutrient deficiencies; and 
improvement of the sanitary condition of the drinking water to avoid parasitic 
diseases and improve animal health would all reduce the CH4 emissions (Smith et al, 
2007; DEFRA, 2007; de Klein and Eckard, 2008). Reductions can also be achieved 
through breeding or through dietary additives like ionophores. 
 
In rice systems, water management can reduce soil CH4 emissions. Different 
strategies of flooding and draining the field such as pre-harvest drainage, early single 
or dual drainage, midseason drainage, late dual drainage, and alternate 
flooding/drainage all reduce emissions. Management of organic inputs can reduce 
emissions through the use of composted rice straw, mulching, and removal of rice 
stubbles from the fields. Mineral inputs can also be used to reduce emissions through 
the application of phosphogypsum, ammonium sulphate, and tablet urea. Direct 
seeding is also recommended for establishing rice fields with reduced methane 
emissions.  
 
Cost of non-CO2 GHG mitigation 
This section draws very heavily on the USEPA report ‘Global Mitigation of Non-CO2 
Greenhouse Gases’ (USEPA 2006b). The USEPA constructed marginal abatement 
curves for different regions and different sectors by estimating the carbon price at 
which the present value benefits and costs for each mitigation option equilibrates 
(present value of benefits = present value of cost). This produced a stepwise curve 
that reflects the average price and reduction potential if a mitigation technology were 
applied across the sector within a given region.  
Costs included capital, or one-time costs, and operation and maintenance costs, or 
recurring costs. The calculation included a tax rate of 40% and used a 10% discount 
rate. Benefits included the intrinsic value of CH4 as either a natural gas or as fuel for 
electricity or heat generation, non-GHG benefits of abatement (e.g. improved nutrient 
use efficiency), and the value of abating the gas given a GHG price. The breakeven 
price calculations do not include transactions costs. All calculations were in US$ from 
the year 2000. More details on the construction of these curves can be found in the 
report. 
 
Most of the abatement curves indicate negative costs for some level of abatement. 
This means that some GHG emission reduction is already feasible and cost effective. 
These activities have not yet been implemented because there are non-monetary 
barriers that need to be overcome. These opportunities are often referred to as “no 
regret” options. The curves all become very steep or even vertical at around $30. 
Thus, for this analysis, we will assume that this is the maximum economic level of 
abatement and we will calculate the abatement potentials at this level of cost. 
 
Regional abatement curves were generated as was a globally aggregated abatement 
curve. These curves were used to generate the summary of net reductions at different 



carbon prices for croplands and livestock that is presented in Table 3. In Africa, only 
moderate possibilities exist for abatement of emissions due to soil management and 
enteric fermentation. Projected abatement for 2030 was based on the 2020 abatement 
curve and an estimated baseline emission from constant rates of emission increases 
between 2010 and 2030. We summarize emissions reductions potentials at no cost and 
potentials at costs less than $30/tCO2e.  
 
Approximately 11% of the net emissions from African croplands can be mitigated at a 
net benefit or at no cost (< $0/tCO2e) and 14% can be mitigated at $30/tCO2e. About 
1% of the animal management emissions can be abated at no cost and 3% for less than 
$30/tCO2e. Given the fact that these types of emissions are low in African agricultural 
systems, opportunities for these types of abatement schemes are limited. 
 
Table 3. Potential reductions (MtCO2e) of net emissions of $0 and $30 per tCO2e in 
African agricultural systems (costs are in 2000$). Table adapted from USEPA 
(2006b) and Verchot (2007). 
 

  2010  2020 
  Emission reduction opportunity $0  $30   $0  $30  
Global      
 N2O and soil C in Croplands 127.8 182.6   130.4  167.9  
 Enteric fermentation 76.4  142.7   83.1  157.7  
 Total global abatement potential  

including other emissions 313.6 552.1  323.1 559.4 
Africa      
 N2O and soil C in Croplands 3.6  4.4   3.8  4.9  
 Enteric fermentation 2.3  8.6   2.2  10.2  
 Total abatement potential in Africa 5.9 13.0  6.0 15.1 

 
Land-use change  
Emissions of GHG from land use change in tropical countries (~7.6 Gt CO2-eq) 
exceed emissions from all other agricultural sources combined and continue to grow 
as areas of cropland and pasture land increase. In 2005, agricultural lands occupied 
49.7 million km2, having increased by 4.7 million km2 since the early 1960’s2. 
Pastureland accounted for 65 per cent of the increase and arable and permanent 
croplands accounted for the remaining 35 per cent. 
 
Since 1965, land under row crops and permanent crops have increased in Sub-Saharan 
Africa (37 per cent), West Asia and North Africa (28 per cent), East, South and 
Southeast Asia (23 per cent), Latin America and the Caribbean (48 per cent) and 
Oceania (32 per cent). Recent trends suggest that land area for cropping is levelling 
off in Latin America. Likewise, the area under meadow and pasture is increasing in 
West Asia and North Africa (40 per cent), East, South and Southeast Asia (24 per 
cent), Latin America and the Caribbean (48 per cent) and Oceania (32 per cent). 
Short-term trends suggest that growth pasture area may be levelling off in all regions, 
with the exception of sub-Saharan Africa3.  

                                                 
2 FAOSTAT, 2008 (http://fao.faostat.org) 
 
3 Ibid. 



 
Mitigation through carbon sequestration 
Agricultural ecosystems have significant potential to increase carbon storage, thereby 
reducing atmospheric concentrations of CO2 by sequestering C in soils and vegetation 
(Lal, 2004; Albrecht and Kandji, 2003). Agricultural lands also remove CH4 from the 
atmosphere by oxidation, though less than forests (Tate et al., 2006; Verchot et al., 
2000), but this effect is small compared to other GHG fluxes (Smith and Conen, 
2004). Increased carbon stocks can be achieved through a change in land use to one 
with higher carbon stock potential, usually revealed by a change in land cover or 
through management practices. The IPCC Special Report on Land Use, Land-Use 
Change and Forestry (2000) identified a number of categories of activities on 
agricultural lands that generate benefits: 

 Conservation tillage to maintain higher levels of soil organic matter. This 
practice promotes sequestration of soil carbon, but tends to increase N2O 
emissions. The carbon sequestration potential of this practice is controversial. 

 Agroforestry (including conversion from forests to slash-and-burn to 
agroforests after deforestation, conversion from low-productivity croplands to 
sequential agroforestry in Africa, integration of trees into farming systems and 
agricultural landscapes).  

 Improved grassland management (including improved grazing management, 
fertilization, irrigation and use of improved species and legumes) 

 Restoration of severely degraded lands (including salt-affected soils, badly 
eroded and desertified soils, mine spoils, and industrially polluted sites).  

 
Carbon accumulation from a change in land use and management is not be sustained 
indefinitely. Eventually, inputs and losses balance, and carbon stocks approach a new, 
higher equilibrium (Davidson and Ackerman, 1993; IPCC 2000). The effect of the 
land-use change on atmospheric GHGs must be determined from a whole system 
point of view. In many “managed” ecosystems, there is significant removal of carbon 
in harvested products, some of which may accumulate in long-term storage pools 
(e.g., wood products), while some carbon rapidly returns to the atmosphere via 
respiration. Additionally, increases in soil organic carbon are often associated with 
increases in N2O emissions (Li et al., 2005). In wetlands, the effects of changes in 
land-use on soil CH4 emissions also need to be considered.  
 
Conservation tillage is any tillage method that leaves sufficient crop residue in place 
to cover at least 30% of the soil surface (Lal, 2003). These practices have been 
increasingly used throughout the world. Given that soil disturbance is thought to 
stimulate soil carbon losses through enhanced decomposition and erosion, reduced- or 
no-till agriculture often (but not always) results in soil carbon gain in the surface 
portions of the soil. Reduced- or no-till practice may affect N2O, emissions but the net 
effects are not well quantified and understood. Smith et al (2007) estimated the 
potential of this mitigation practice to sequester carbon and reduce N2O emissions 
under different climate zones is presented in Table 4.  
 
Table 4. Mitigation potential through improved tillage and residue management 
(tCO2e ha-1 yr-1)  

Climate Zone CO2 N2O 
 -------------------------- -------------------------- 
Cool-dry 0.15 (- 0.48–0.77) 0.02 (-0.04–0.09) 



Cool-moist 0.51 (0.00–1.03) 0.02 (-0.04–0.09) 
Warm-dry 0.33 (- 0.73–1.39) 0.02 (-0.04–0.09) 
Warm-moist 0.70 (-0.40–1.80) 0.02 (-0.04–0.09) 

Source: Smith et al. (2007) 
Note: Values in parentheses correspond to low and high mitigation potential. Positive 
values represent CO2 uptake, which increases the soil carbon stock, or a reduction in 
emissions of N2O.  
 
More recently, the potential of this practice to sequester carbon has been challenged 
(Baker et al., 2007). All studies that purport to observe increases in soil C stocks limit 
sampling to 30 cm depth or less. In fact, half of the studies surveyed by West and Post 
(2002) sampled to 20 cm or less. However, the rooting system of many crops, maize 
for example can extend to up to 2 m in depth. A survey of studies from Canada 
(Vanden Byggart et al., 2003) showed that a majority of studies that were sampled to 
greater than 30 cm depth reported a net loss of SOC in the soil profile. Thus, it 
appears that conservation tillage affect the distribution of SOC and does not promote 
sequestration. This is perhaps a challenge to scientists working in African systems to 
undertake research to determine whether C sequestration can be achieved through 
reduced tillage in tropical systems and if so, under what conditions. The research must 
take this redistribution phenomenon observed in temperate soils into account and 
examine the entire rooting zone that is likely to be affected by changes in tillage.  
 
Two other types of land management in the agricultural sector offer significant 
opportunities for carbon sequestration (Figure 1; IPCC 2000): improved grassland 
management and agroforestry. For improved grasslands, high rates of sequestration 
can be achieved through introduction of more productive grass species and legumes. 
Improved nutrient management and irrigation can also increase productivity and 
sequester more carbon. About 60 percent of the grazing lands available for carbon 
sequestration are in developing countries. Grazing land management, despite the low 
carbon densities in these lands, has a high potential because of the large amount of 
land susceptible for this improvement (3.4 billion ha).  
 
Agroforestry has such a high potential because it is the land use category with the 
second highest carbon density, after forests and because there is such a large area that 
is susceptible for the land use change. Agroforestry also offers the potential for 
synergies between expanding the role of agroforestry in mitigation programs and 
adaptation to climate change (Verchot et al., 2007). In many instances, improved 
agroforestry systems can reduce the vulnerability of small-scale farmers to inter-
annual climate variability and help them adapt to changing conditions. 
 
Other land-use options such as rehabilitation of degraded land and wetland restoration 
have relatively low potentials, globally, to contribute to mitigation, although locally 
their potential may be significant. These low values are the combined result of low 
area availability and slow carbon accumulation rates.  
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Figure 1: Potential for carbon sequestration of different land use and 
management options over a 30-year period (adapted from IPCC 2000) 
 
Costs of C sequestration in agricultural landscapes 
A rigorous analysis of costs and mitigation potential does not presently exist in the 
literature and there is no basis to develop this now. For conservation tillage, there is 
generally a savings to farmers due to reduced use of tractors to till soils. These are 
somewhat offset by higher herbicide costs to reduce weed problems. However, since 
the carbon benefits of this practice remain doubtful, we will not pursue this further 
here. 
 
Clearly in developing countries, the greatest potential for climate change mitigation in 
rural landscapes are associated with reducing deforestation emissions and creating 
sinks through community forestry and agroforestry practices. Others have reviewed 
the costs to farmers of reducing deforestation and forest degradation emissions and 
these costs are around US$1 to 5 per tCO2e (Stern 2007; Swallow et al., 2007). In this 
paper, we will provide a novel analysis of the potential costs of community forestry 
and agroforestry options. 
 
Individual countries present very different institutional situations and institutional 
costs associated with setting up monitoring and verification services, extension 
services to farmers and transparent benefit and risk sharing services will vary from 
country to country. Assessing these costs and the sources of variation in these costs is 
beyond the scope of this paper. However, we can assess the likely costs to farmers in 
very approximate terms as a means of establishing a likely “farm-gate price” for 
carbon sequestration. 
 
The IPCC (2000) Special Report presented two illustrations of the potential of carbon 
sequestration to contribute to climate change mitigation through agroforestry and 
through improved grassland management. We propose an expansion of the IPCC 
Special Report scenario, which will illustrate the potential for carbon sequestration in 



the agricultural sector and the costs of achieving that sequestration. The results of this 
analysis will only be semi-quantitative, but it is reasonable to expect them to be 
indicative of the order of magnitude of the potentials and costs 
 
The IPCC scenarios suggested that it would be possible, with considerable 
international effort, that 10 percent of the land available for improved pasture 
management could be under this improved management by 2010 and that as much as 
20 percent could be under improved management by 2040. Likewise, for agroforestry, 
the report suggested that 20 percent of the available land could be under this land 
management practice by 2010 and 40 percent by 2040. These suggested targets have 
not been achieved and we are at almost the same state of land availability as we were 
in 2000, when the report was written, so we will use these values in this exercise.  
 
For this analysis, consider an example of a moderately intensive community forestry 
system, which has been modelled using the ENCOFOR decision support Carbon 
Model (www.joanneum.at/encofor; Figure 2). The system produces timber, with some 
cash crops grown in the understorey or non-timber products produced in the 
plantation. Examples of this system might be the rotational woodlots of Tanzania, the 
pine-coffee-banana systems of central Java, Eucalyptus and Poplar based agroforestry 
systems of the Indo-Gangetic Plain (Bekele-Tesemma, 2007).  
 
In this system, the trees are harvested after 12 years, and regenerated. The ENCOFOR 
model suggests that the average annual accumulation in this example over 30 years is 
1.26 tonnes C per ha and over 60 years, this average figure drops to 0.52 tonnes per ha 
per year. The IPCC Special Report suggested an average carbon accumulation rate in 
an agroforestry system was about 3.1 tonnes per ha for a 30 to 50 year time horizon. 
These values are appropriate for a multi-strata system that is kept in place over a long 
period of time, such as the home garden systems of Africa or the jungle rubber 
agroforestry systems of Indonesia.  
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Figure 2. Projection of carbon accumulation in a multi-strata agroforestry 
system 
These two examples are used because they provide useful bounds to our calculations. 
In the community forestry case, we have a system that is regularly harvested and 
therefore has lower annual accumulation rates because the aboveground biomass is 



regularly brought back to zero. In the multi-strata agroforestry case, we have a 
permanent tree-based production system.  
 
Carbon sequestration potential can be calculated by taking the time frame proposed in 
the IPCC Special Report, taking the projections of area of land adopting the improved 
practices, and using both the IPCC and ENCOFOR projections for carbon 
accumulation rates, and the IPCC projection for grassland management. Table 5 
presents the scenarios for agroforestry and Table 6 presents one for grassland 
management. If we take the sum of the annual accumulation rates over the next 30 
years, the results suggest that the total potential sequestration is on the order of 12 to 
19 Gt of carbon or 45 to 70 Gt of CO2e. This does not account for the carbon 
sequestered in harvested wood products from the agroforestry plantations. 
 
Costs of tree planting projects include those associated with plantation establishment, 
maintenance costs like pruning, and measurement and monitoring of the carbon 
sequestered. In many cases, extension and farmer education is required to teach 
farmers about new agroforestry systems. To calculate these costs, the ENCOFOR 
financial analysis tool was used. Values are in 2005$. Establishment costs include the 
purchase of seedlings, labour for site preparation and planting, and costs of protection 
(fencing, guarding, etc).  
 
The cost of establishing these agroforestry plantations comes to around US$780 for 
the two rotations of a 1 ha plantation of 1000 trees. Operating costs include weeding, 
thinning and pruning the trees, which come to $440 per ha. Additional costs of 
preparing documentation for carbon crediting under the different types of systems that 
currently exist come to $60 per ha and the costs of monitoring and verifying are $190 
per ha. Thus, the total cost in this scenario is $1470 per ha. From the example above, 
an agroforestry plantation contains an average 80t of biomass over its lifetime or 40 
tonnes of C per ha in 5 carbon pools (aboveground biomass, belowground biomass, 
deadwood, litter, and soil carbon). The costs of establishment and maintenance of 
these plantations comes to US$36.75 per tonne of carbon, or $10.02 per tonne of 
CO2e.  
 
Table 5. Estimates of potential C sequestration in agricultural landscapes 
through forestry practices over 30 years. Two scenarios are presented, one based 
on the IPCC (2000) LULUCF report and one based on the projections of the 
ENCOFOR Carbon Model.  

Permanent 
agroforestry (IPCC)  

Community 
Forestry 

(ENCOFOR) 

Time 
(years) 

Land 
area 

available 
(M ha) 

Adoption/ 
conversion 

of area 
(%) 

Rate of C 
gain 

(tC ha-1 y-1) 

Carbon 
(Mt y-

1) 
 

Rate of C 
gain 

(tC ha-1 y-

1) 

Carbon 
(Mt y-

1) 

10 630 20 3.1 391  1.26  159  
15  23  456   186  
20  27  521   212  
25  30  586   239  
30  33  651   265  
 



 
Table 6. Estimates of potential C sequestration in grasslands over 30 years. The 
scenario presented is based on the IPCC (2000) LULUCF report. 

Time  
(years) 

Land area
 available 
 (M ha) 

Adoption/ 
conversion 
of area (%) 

Rate of C 
gain 
(tC ha-1 y-1) 

  
10 3400 10 0.7 238 

 15  12  278 
 20  13  317 
 25  15  357 
 30  17  397 

 
However, not all of these costs need to be borne by the international community or by 
outside investors. Agro- or community-forestry systems are profitable in their own 
right. The example given here has a 22% internal rate of return. These systems vary 
considerably across regions and have varying income generation potential. This 
means that the costs of expanding the adoption of forestry activities do not have to be 
fully borne by external investors. Costs can be shared with rural farmers who will 
benefit from these profitable systems. In most cases, agroforestry systems are more 
profitable than subsistence agriculture.  
 
The idea of additionality in financing carbon sequestration is already embodied in the 
UNFCCC and its Kyoto Protocol. Additionality is the criteria for carbon-offset 
projects to determine offsets that occur in addition to business as usual. Additionality 
is determined by analyzing barriers. Many barriers to adoption of these systems exist, 
and prevent them from contributing more fully to rural development, including: 

 Delayed returns on investments: In most cases, it takes 3 to 5 years to recoup 
initial investments in agroforestry systems. This is prohibitively long for 
smallholder, subsistence farmers. Alternative and shorter-term income sources 
are required to bridge the gap between planting and income generation. 

 Lack of knowledge: In many instances farmers lack knowledge about how to 
grow trees and the potential for income generation of agroforestry systems. 
Rural extension systems, where they function, often do not have the 
information on these systems to pass along to farmers. Improvement of 
extension services is required to overcome this barrier. 

 Labour shortages: Agroforestry systems are generally more labour intensive 
than cropping systems. Farming families in rural areas in the developing world 
often have labour shortages during rainy seasons and therefore are not capable 
of taking full advantage of these periods. In many areas, men and women have 
left to find employment in cities and send remittances back to the family that 
remains in the villages. Funding to purchase additional labour or lure family 
members back from the cities could help in overcoming this barrier. 

Investments to facilitate wider adoption of higher carbon and higher profit production 
systems need to target removing these or other barriers that exist in rural areas. In the 
example above, one of the most important barriers for resource poor farmers to 
engage in this type of project is financial. Figure 3 shows that the cash flow for this 
type of plantation is negative for the first three years of the project. This is fairly 
common in agroforestry projects. A second barrier is lack of knowledge about 
agroforestry systems. Thus, despite the favourable internal rate of return resource 



poor farmers cannot undertake this type of production system because of the financial 
barrier early in the conversion phase to a new production system and because of the 
knowledge barrier.  
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Figure 3. Cash flow over two rotations of a moderately intensive agro/community 
forestry plantation in the tropics. Values are in 2005$. 
 
If additional investments were to be made to overcome these barriers, wider adoption 
of agroforestry could occur. In this case, investments of US$640 per ha would be 
required and the cost of sequestering the carbon would be only $16.93 per tonne of 
carbon or $4.62 per tCO2e. For the case of permanent agroforestry, assuming similar 
establishment and operating costs, the cost per tonne C decreases to $6.88 because of 
the higher productivity of the system. Assuming similar costs to overcome barriers for 
these types of plantations, the cost of removing the barriers would be only $1.88 per 
tonne CO2e. Finally, to put this in a global perspective, the technical potential C 
sequestration of this scenario is 30.8 GtCO2e for a total cost of $134.4 billion. The 
actual potential suggested by the IPCC scenario analyzed in Section 3.1 is given in 
Table 7. About 50% of the land-use change globally is occurs in Africa, thus, the 
continent could make a significant contribution to climate change mitigation through 
C sequestration in agricultural landscapes. 
 
Greater consideration of these land-use mitigation options is warranted, as these types 
of activities can offer multiple benefits. If well designed, agroforestry, grassland 
management, land rehabilitation, and wetland rehabilitation projects can contribute to 
biodiversity conservation, watershed protection, reduction of desertification, 
sustainable land management, and poverty reduction.  
 
Table 7. Calculations of actual sequestration and costs for agroforestry using the 
IPCC scenario for adoption/conversion. Costs are calculated using total costs per 
hectare and the values suggested for investments aimed at removing barriers 
only. 

Sequestration potential  Implementation 
costs Time (years) 

Adoption/ 
conversio
n of area Permanent 

agroforestry 
Communit
y forestry 

 Full 
($M) 

Barriers 
only 



(MtCO2e y-

1) 
(MtCO2e 

y-1) 
($M) 

10 20 1,434 583 5,843  2,544  
15 23 1,672 682 6,836  2,976  
20 27 1,910 777 7,791  3,392  
25 30 2,149 876 8,783  3,824  
30 33 2,387 972 9,739  4,240  

 
CONCLUSIONS 
 
There are useful opportunities for mitigating non-CO2 GHG and soil carbon emissions 
in African agriculture. Emissions can be reduced by managing carbon and nitrogen 
more efficiently in agricultural ecosystems. The most promising option for the 
continent is carbon sequestration from the atmosphere and storage in soils or in 
vegetation, for example in community forestry or agroforestry systems. The 
opportunities and investments required are summarized in Table 8. In the foregoing 
analysis, values for abatement of non-CO2 GHG were in 2000$ whereas carbon 
sequestration values were in 2005$. To make these values comparable a 4 percent 
discount rate was used and all values are presented in $2000.  
 
There are opportunities for small emissions reductions at a net benefit or at zero cost, 
and these need to be pursued. There is potential for abatement of all sources, but with 
current technologies and the prevailing economic conditions, these potentials are all 
low. The analysis presented here suggests that 11-13 percent of non-CO2 GHG and 
soil carbon emissions could be abated at reasonable costs. 
 
Sequestration offers the most significant and cost effective means of reducing 
atmospheric concentrations of GHGs. There are large potentials in a number of 
practices in agriculture. In the examples worked out in this report on agroforestry, 
total costs for sequestration were on the order of $10 per tCO2e and the estimates of 
global feasibility are between 0.7 and 2.1 GtCO2e per year. Many of these practices 
are economically beneficial, but do not occur due to a number of barriers. Investment 
targeted at overcoming these barriers is much less than the total cost, and therefore, 
there are opportunities to share costs with other beneficiaries. The analysis suggests 
that the cost associated with overcoming these barriers is less than $4.50 per tCO2e. 
 
Table 8. Summary of mitigation opportunities and additional costs in the 
agriculture sector. Cost values are in 2000$.  
 

2010  2020  2030 Source Cost  
$/tCO2e MtCO2e $million  MtCO2e $million  MtCO2e $million 

Non-CO2 GHG   
Croplands 0 128 0 130 0 140 0
 30 183 5,478 168 5,037 180 5,392
Rice 0 109 0 114 0 116 0
 30 226 6,789 238 7,137 243 7,298
Livestock 0 76 0 83 0 92 0
 30 143 4,281 158 4,731 175 5,257
Total  0 314 0 323 0 350 0
 30 552 16,564 559 16,781 606 18,190



2010  2020  2030 Source Cost  
$/tCO2e MtCO2e $million  MtCO2e $million  MtCO2e $million 

C sequestration   
Agroforestr
y (IPCC) 4.5   1,672 6,836 2,149 8,783
Agroforestr
y 
(ENCOFO
R) 10  682 6,836 876 8,783

 
Abatement costs are significant compared to current and projected rates of global 
investment in agriculture. Improved abatement options likely require increases in 
public research funding. Investments, particularly in developing countries, need to 
increase. Reductions in investment by developing countries and reduction in the share 
of ODA for agriculture over the past three decades have led to land degradation and 
extensification of subsistence agriculture systems, as populations have grown. This 
has led to large-scale losses in carbon from natural ecosystems. Investments aimed at 
sequestration and intensification of agricultural systems can reverse this trend. 
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