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ABSTRACT 

Carbon sequestration in small-scale farming systems in semi-arid regions offers the 

possibility to increase local soil fertility, improve crop yields, enhance rural people's 

wellbeing, and strengthen the resilience of agricultural systems while reducing CO2 

accumulation in the atmosphere and, thus, contributing to climate change mitigation. A 

variety of management practices and land use options have been proposed to increase 

carbon uptake and reduce system losses. So far, less attention has been paid to local 

smallholders, the ultimate agents of anticipated community carbon projects, and the 

complexity, diversity, and dynamics of their livelihoods in a highly variable and risk-

prone environment. 

A hybrid research approach, combining biophysical, economic, cultural, and 

institutional analysis, was used to assess the potential for soil carbon sequestration in 

the Old Peanut Basin of Senegal. In situ soil and biomass measurements provided 

current carbon accounts. Historic carbon changes and future sequestration rates under 

various management practices were simulated with CENTURY, a biogeochemical 

model. The simulation results well represented general historic trends and carbon 

storage potential. However, they did not accurately reflect variable and flexible site-

specific management strategies as farmers adapt to stress, shock, and crises over time. 

To account for these, distinct pathways of agricultural and environmental change were 

examined in Wolof and Serer villages and viable options for carbon sequestration were 

evaluated. Systems analysis was used to explore the various components that influence 

farmers' perceptions, choices, and decisions with respect to land management. Results 
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showed that resource endowment and institutional and policy incentives determine 

which carbon sequestration activities might be most appropriate for different groups of 

farmers. Finally, a cost-benefit analysis and a cash-flow analysis (using STELLA) were 

performed to assess the financial profitability and economic feasibility of proposed 

management strategies. The study reveals large differences in these measures between 

farmers with low and high resource endowments. In most cases, local smallholders are 

not likely to have the investment capital necessary to implement the alternative 

management practices. A farmer-centered approach to carbon sequestration, as 

proposed by the study, can be used to more effectively address the needs and capacities 

of smallholders in dryland carbon offset programs. 
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CHAPTER 1 

INTRODUCTION 

Context of the problem 

African drylands, often portrayed as heavily degraded and eroded, have experienced 

environmental, economic, and political shocks and crises that have significantly altered 

small-scale farming systems and the ways rural stakeholders manage their resources. At 

the global level, carbon in the form of CO2 is accumulating in the atmosphere at an 

accelerated pace, primarily as a result of combustion of fossil fuels, tropical 

deforestation, and other types of land use changes around the world. By linking these 

two phenomena through carbon sequestration in soils, a possible win-win situation can 

be achieved that is anticipated to yield benefits for local smallholders in vulnerable 

dryland agro-ecosystems as well as the global society. Increasing the uptake of CO2 

from the atmosphere through improved soil management practices and land use options 

on the ground will raise soil organic carbon, improve critical soil properties, enhance 

agricultural productivity, and contribute to the restoration of degraded or abandoned 

lands. As such, carbon sequestration in soils could constitute a crucial link between 

three international conventions: the UN Framework Convention on Climate Change 

(UNFCC), the UN Convention to Combat Desertification (UNCCD), and the UN 

Convention on Biodiversity (UNCBD). 

So far, the vast majority of scientific contributions to this rapidly expanding 

field have focused on carbon measurements and simulations, with the underlying 



rationale to better understand vital technical aspects before engaging in large-scale 

carbon offset programs. Soil organic carbon in dryland environments is fairly low, 

ranging from 4—18t C ha ' depending on soil texture, status, and management inputs 

(Batjes, 1999; Tiessen et a!., 1998). The potential to sequester carbon on croplands in 

semi-arid regions amounts to 0.05-0.3t C ha"' yr"' while grasslands and pastures are 

estimated to sequester 0.05-0.It C ha'* yr~' (Lai, 1999). Improved management 

practices and land use options advocated for dryland agro-ecosystems include long-term 

fallowing, agroforestry, reduced tillage, application of manure and agricultural residues, 

crop rotations, improved integration of crops and livestock, controlled grazing, and the 

conversion of cropland to pasture or grassland. Advocates of carbon sequestration in 

degraded agro-ecosystems emphasize longer residence time of stored carbon compared 

to forest systems as well as the anticipated social, environmental, and economic benefits 

for local populations. More skeptical voices stress hidden costs, institutional and 

organizational obstacles, and non-compliance with the status quo of climate change 

negotiations, as defined through the Kyoto Protocol. 

Despite technical advances in carbon sequestration research, comparatively little 

attention has been paid to local farmers, the ultimate agents and beneficiaries of 

anticipated community carbon programs. The broad managerial discourse surrounding 

much of today's debate has disregarded at least two factors that seem fundamental to 

the design and choice of carbon offset activities that are both beneficial to local farmers 

and global society. The first is related to the high complexity, diversity, and variability 

of agro-ecosystems in drylands and the various mechanisms local inhabitants have 



developed to cope with and adapt to risks, shocks, and crises. Under conditions of 

omnipresent scarcity, farming becomes an opportunistic undertaking, intended to avoid 

hazards and capture opportunities whenever and wherever they emerge. Dryland 

farming, thus, can be understood as "the result of improvisation, experimentation, 

innovation and creativity" (Scoones et al., 1996) rather than an undertaking driven by 

profit maximization. Moreover, drylands are increasingly considered as non-equilibrium 

systems, intrinsically variable in both space and time (Leach and Meams, 1996; 

Niemeijer, 1996; Scoones, 1999; Sullivan, 1996). In such systems, rapid and flexible 

adaptation, diversification, and innovation are more effective than narrow specialization 

and optimization (Niemeijer, 1996). 

Hence, acknowledging complexity and dynamics in dryland farming systems, it 

seems more realistic to view carbon sequestration as a potential additional element in 

people's diverse and variable livelihood portfolios rather than some technical venture 

detached from local social contexts. The objective, then, is to explore the most 

appropriate ways to conceive such fruitful integration. Farmers equipped with diverse 

and flexible soil management practices, that also sequester carbon, will be in a better 

position to spread risks and reduce their vulnerability to shocks, stress, and crises and, 

as a consequence, also enhance the resilience of the very system on which they depend. 

The second shortcoming of current carbon sequestration research is the fact that, 

although they are expected to accrue, local costs and benefits are rarely assessed in a 

detailed manner. Existing estimates of ancillary benefits, ranging from $10-20 per ton 

of carbon sequestered (tC ') (Ringius, 2002), do not explicitly differentiate between the 



various soil fertility management and land use options that are possible in certain 

farming systems nor do they account for economically diverse groups of farmers within 

these systems. Insights from farming systems and livelihood research as well as systems 

analysis in land use and management in Africa indicate that smallholders in dryland 

environments are not a homogenous group but are highly diverse in terms of their 

resource endowment, livelihood strategies, attitudes toward risk, and their decision

making processes. Taking into account such important differences among local 

stakeholders will allow us to design more detailed costs-benefit assessments and, as a 

result, more appropriate cost-sharing or other financial support mechanisms for rural 

carbon sequestration programs. After all, local farmers are the ones who will most 

likely bear the bulk of accruing costs. 

The intent of this study is to bridge the gap between the biophysical and socio

economic aspects of soil carbon sequestration in small-scale farming systems in dryland 

environments by explicitly addressing complexity, diversity, and dynamics as they 

shape rural livelihoods and decision-making processes with respect to short and long-

term soil fertility management, land use change, and possible carbon sequestration 

activities. While a simplification of these facets might seem more expedient to carbon 

investors, development practitioners, political decision-makers, and maybe even 

scientists, it would undermine the strength of the system we are seeking to improve. 



Study area 

The area chosen for this research was the "Old Peanut Basin", located in the west-

central part of Senegal (Fig. 1). With population densities between 120 and 225 

inhabitants per km", this area is one of the most densely inhabited regions in the Sahel. 

Almost 90 percent of the population are members of one of two ethnic groups, the 

Wolof, mostly in the northem half of the study area, and the Serer, primarily in the 

southern half. The climate in this part of Senegal is semi-arid with 350-700mm annual 

precipitation and typically high spatial and temporal variation. The major crops grown 

in predominantly rain-fed farming systems are millet (Pennisetum tyhpoi'des), sorghum 

(Sorghum bicolor), groundnuts (Arachis hypogaea), and cowpeas (Vigna unguiculata). 

Due to a long agricultural history and increasing population pressure, the natural 

vegetation has become heavily degraded and soils, at least in cases where no fertility-

enhancing practices are used, are impoverished. Predominant soil types contain between 

85-98 percent sand with organic carbon contents of 0.1-0.8 percent (Badiane et al., 

2000). Nearly all arable land in the Old Peanut Basin is used for cultivation and 

subsistence agriculture continues to play a significant role for rural revenues. Given the 

degraded state of natural resources, the large dependence of local actors on agricultural 

incomes, and their vulnerability to climatic fluctuations, demographic stress, and 

economic crises, the Old Peanut Basin seemed appropriate to assess the prospects for 

soil carbon sequestration and its potential contribution to poverty alleviation.. 
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Dissertation format 

This dissertation is presented in the form of three pre-pubHcation papers, which 

can be found in the Appendices. The study area for all three papers is the center of the 

Old Peanut Basin in Senegal, as depicted in Fig. 1. Research for all papers formed part 

of a larger project assessing the potential for soil carbon sequestration in three distinct 

agro-ecological zones in Senegal, among which the Old Peanut Basin received most 

emphasis. I carried out the various research components in this study area and 

performed all analyses, with the exception of the soil and biomass carbon laboratory 

analysis, and all model simulations. All work presented in the papers is my own. The 

three Senegalese research assistants and all colleagues who contributed to parts along 

the way are recognized and thanked in the acknowledgements. 

The first paper describes the current total system carbon status in the study area, 

as assessed through in situ soil and biomass carbon measurements in three research 

villages (see Fig. 1). It also evaluates carbon losses that have occurred in the system 

since the introduction of agriculture as well as the potential to increase current carbon 

stocks through improved management practices and changes in land use. CENTURY, a 

biogeochemical model, was used for this purpose. Simulated carbon gains are compared 

to possible incomes from carbon trading and anticipated costs and benefits provided for 

a selected number of management options. 

The second paper describes subsistence farming systems and household 

decision-making processes in the study area and how they relate to the prospect of 

carbon sequestration, putting the primarily biophysical aspects discussed in the first 



17 

paper in the context of complex, diverse, and dynamic realities of dryland smallholders. 

Through local environmental histories and historic accounts, two distinct pathways of 

agricultural and environmental change within these farming systems are illustrated. 

Using a systems analysis approach, I discuss the various components that influence 

farmers' perceptions, choices, and decisions with respect to current soil fertility 

management and perspectives for future land use and management options. Based on 

the insights from these two research components, I propose a farmer-centered approach 

to carbon sequestration. 

The third paper contains an ex-ante cost-benefit analysis as well as a cash-flow 

analysis to evaluate the economic feasibility and profitability of promising management 

options, as described in the first paper. The cost-benefit analysis is built upon the 

qualitative and quantitative assessment of all possible costs and benefits that would 

accrue to farmers if the various management strategies were implemented. The cash

flow analysis is a household budget allocation model designed in STELLA, an object-

oriented graphical programming language used to model dynamic systems. Both 

analyses were performed for three resource endowment groups to reflect the differential 

economic situation among local smallholders. 
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CHAPTER 2 

PRESENT STUDY 

Summary 

The data, methods, results, discussions, and conclusions of this study are presented in 

the papers appended to this thesis. The following is a summary of the key analytical 

frameworks, methodological tools, and the most important findings in these papers. 

Assessing both biophysical and socio-economic aspects of current and past soil 

fertility management strategies, drivers of household decision-making processes, and 

potential carbon sequestration practices beneficial to both rural stakeholders and the 

global society requires a range of analytical frameworks and approaches to draw upon. 

It also entails a mixed set of research methods, both qualitative and quantitative, to be 

used in the field and for data analysis. 

As for the analytical tools used in this study, I relied primarily on the concept of 

human adaptation as it has emerged from human ecology and livelihood research, 

political ecology, so-called "new ecology", and systems analysis. The concept of human 

adaptation (Mortimore and Adams, 1999) proved helpful in investigating individual 

decision-making processes at the plot level up to broader agricultural and environmental 

'pathways of change' (Scoones, 2001) of farming systems as distinct expressions of 

adjustment to continuously changing climatic, environmental, demographic, economic, 

and political conditions. In addition, a "hybrid approach" (Batterbury and Bebbington, 

1999), taking into account both social and environmental factors, was used. 



The analytical framework of political ecology (Blaikie, 1985; Blaikie and 

Brookfield, 1987) proved essential in stressing differential access to and control over 

critical resources such as land, labor, animals, and capital among small-scale farmers 

and the consequences such differential resource endowment are likely to have for the 

design of appropriate carbon sequestration programs. Also, it provided the nested scale 

approach used to assess the multiple drivers of management and land use change, from 

local action at the field level to macro-level economic and policy processes. 

Concepts often subsumed under "new ecology", including the work of Holling 

(1986), Botkin (1990), Zimmerer (1994), and Gundersen and Holling (2002) on non

linear and non-equilibrium dynamics in variable and sometimes even chaotic systems, 

guided many research questions and discussions with respect to predictability and 

control as they are understood in large parts of the climate change and carbon 

sequestration arena. The key concepts of multi-scale dynamics, surprise, and resilience 

were essential in developing what I refer to as a farmer-centered approach to carbon 

sequestration, focusing on flexible adaptation, innovation, and diversification. 

Finally, 1 used systems analysis, also advocated as a tool for ex-ante assessments 

of complex management strategies over long time scales, to capture decision-making 

processes with respect to household resource and cash flows. Systems thinking proved 

helpful in proceeding from a conceptual systems understanding of household resource 

allocation to a dynamic systems model used to assess the economic feasibility of carbon 

sequestration options for different resource-endowment categories. 



The set of methodological techniques used throughout the research process was 

highly diverse. Given the large interest of participating farmers in the research topic, 

fieldwork. which was conducted from December 2000 to December 2001, combined 

data collection with practical training and collaborative learning. With the help of three 

Senegalese research assistants, I worked with fourteen villages, selected on the basis of 

stratified sampling within the study area, and seven rural councils. The first half of the 

village-level research component focused on the dynamics of local farming systems and 

management practices, the major drivers of change, local theories of soil fertility, soil 

formation, and soil degradation as well as institutional and policy factors affecting soil 

and land management decisions. I used a variety of participatory rural appraisal 

techniques, including village territory and land use mapping, change matrices with 

pebbles, Venn diagrams, and air photo interpretation, as well as semi-structured group 

discussions, focus groups, and questionnaires and participatory observation at the field 

and plot level. Research sessions involved both men and women in small and large 

groups and usually lasted two to four hours. 

It was only during the second half of fieldwork, after having gained not only 

people's trust and interest in the research topic but also sufficient understanding of 

farmers' conceptual frameworks of processes related to soil fertility, that the element 

carbon and the concept of carbon sequestration were discussed. Half-day workshops 

were held with members of rural councils. We used specifically designed visual tools 

depicting the carbon and nitrogen cycle and carbon sequestration options as simulated 

with CENTURY. The same tools were used in three out of the initial fourteen research 
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villages (Ngodjileme, Thiaytou, and Thiila Ounte), selected for more in-depth studies. 

Costs and benefits of most promising sequestration strategies were discussed in small 

groups, relying on color-coded ranking and mapping techniques as well as semi-

structured interviews. Three teams of four farmers each were trained to take soil and 

biomass carbon samples in 21 fields (sampling design and procedure are described in 

Appendix E). At the same time, detailed household surveys were carried out in 36 

households selected on the basis of three resource endowment categories that were 

identified through participatory wealth ranking. Again, mixed methods, including 

questionnaires, resource-flow diagrams, color-coded agricultural calendars, and 

participatory ranking, were used, this time to collect data on household members, land, 

tenure arrangements, crops, management practices, animals, agricultural equipment, and 

household budgets. Finally, an environmental theatre was organized in collaboration 

with the village schools in order to provide interested children the possibility to actively 

participate in the research process. 

Data from the village level were complemented by a variety of secondary 

sources available at the community, regional, and national level and information from a 

market study carried out in six weekly and two daily markets. Data were compiled and 

analyzed in SPSS and Microsoft Excel. CENTURY, an ecosystem model that simulates 

fluxes of carbon, nitrogen, phosphorus, and sulphur (Parton et ai., 1993) was used to 

perform all carbon simulations and STELLA (HPS, 20G0) for the cash-flow analysis at 

the household level. 



Research results confirm the high variation, complexity, diversity, and dynamics 

anticipated for small-scale farming systems in West African drylands. Current total 

system carbon, as assessed through soil and biomass carbon sampling in three villages, 

varied between 12.7t ha"' and 59.3t ha~', depending on management practices, primarily 

organic matter input, number and age of field trees, and clay content in soils (2.3-28.4 

percent). Combined soil and tree carbon accounted for 86 percent of total system carbon 

and litter carbon for roughly 10 percent. Mean values for soil carbon in the 0-20cm 

horizon, of interest for basic carbon baselines, amounted to 11.3t ha'^ 

Simulation results from the CENTURY model suggest that total system carbon 

has decreased by 71 percent from 1850 to present day. Losses of tree carbon amounted 

to 0.2t ha""^ yr"' and those for soil to 0.05t ha~' yr"\ Future changes of soil carbon, as 

simulated for 25 different management practices for the next 50 years, ranged from -

3.8t C ha"' under no inputs to +13.5t C ha ' under optimum agricultural intensification. 

Since the majority of all carbon gains occurred during the first 25 years of the 

simulation period, which also corresponds to the time horizon envisioned by pilot 

carbon offset programs, it is worth noting the annual rate of soil carbon changes for this 

part, ranging from -0.13t C ha"' yr"^ to +0.43t C ha~' yr'\ Simulated changes in crop 

yields matched increases and decreases in soil carbon, ranging from -62 percent to 

+200 percent under the worst and best management scenario respectively. 

Given the multiple pathways of agricultural and environmental change that were 

reconstructed through two village case studies and the patch-by-patch soil management 

approach used by the majority of farmers who participated in the study, these numbers 



need to be interpreted with caution. The historic soil and biomass carbon losses, as 

simulated with CENTURY, illustrate a general trend but do not accurately reflect site-

specific changes that have occurred in local farming systems, livelihood strategies, and 

management practices as farmers have adopted to stress, shock, and crises over time. By 

comparing the pathway of indigenous intensification followed by the Serer village of 

Ngodjileme with the pathway of expansion as observed in the Wolof village of 

Thiaytou, it became evident that the adaptation to changes in agricultural policies and 

land tenure regulations, demographic pressure, and drought were far from homogenous 

across the study area. Moreover, the recognition that local farming systems exhibit 

various degrees (not stages!) of intensification provides useful context-specific entry 

points for most appropriate carbon sequestration activities. 

The study has shown that current soil fertility and land management practices 

are determined by a farmer's knowledge base, the household's resource endowment, the 

fertility status of individual fields and plots, as well as institutional and policy 

incentives such as land tenure arrangements, state credits, and extension services. 

Practices not only vary from farmer to farmer but also from year to year and from field 

to field, resulting in a patchwork of management formulas that are exceedingly difficult 

to model in an accurate way. 

Thus, the simulated carbon sequestration rates under various management 

scenarios should be understood as an ideal upper level of expected carbon gains. In 

reality, the amounts of carbon sequestered are likely to be lower since farmers will use a 

mix of practices on the same hectare over time, intentionally factoring in both losses 



and gains, with the overall objective to spread risk rather than to accumulate carbon. 

Given the multidimensionality and also uncertainty in small-scale farming systems, it 

can be concluded from this part of the research that predictable and controllable action 

through carbon sequestration programs seems highly unlikely, if not impossible. 

The study also shed light on anticipated costs and benefits that would accrue to 

farmers if they implemented the various management practices. The results from the 

farmer-centered cost-benefit analysis suggest that costs for resource-poor farmers will 

be considerably higher than for medium and rich farmers and that first-year costs will 

also be considerably higher than annual costs accruing in subsequent years. Net costs 

are expected to occur from converting croplands to grasslands and long-term fallowing, 

amounting to $100-1,400 tC"^ (undiscounted). In contrast, undiscounted net benefits of 

$80-9,600 tC~' are anticipated for practices that generate significant increase in yields 

or revenues from animals or tree products. These include the application of large 

quantities of manure, the planting of Faidherhia alhida, agricultural intensification, and 

grasslands with high-value live hedges. Clearly, such management options would be 

more attractive to fanners. 

In terms of profitability, expressed as net present values, the study also revealed 

clear differences between poor households on the one hand and medium and rich 

households on the other hand. More than half of all evaluated practices are likely to be 

profitable for the better-endowed groups of farmers while only one practice appears 

profitable for low-resource endowment households. Again, management options that 
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also include economically important by-products or income-generating activities prove 

more profitable, with net present values of $400-2,600 ha~'. 

Finally, by using a systems analysis approach and a cash-flow analysis at the 

household level programmed in STELLA, the study demonstrated that in nearly all 

cases farmers are not likely to have the extra investment capital necessary to cover first-

year costs associated with the various management practices, even if they are profitable 

over the long run. Both the amount and the length of external financial support that, 

ideally, would be necessary to help farmers implement these practices vary considerably 

depending on the specific management option and the resource-endowment group. The 

model suggests that richer households require external support between one and four 

years while poor households might need assistance through longer periods. The amount 

of financial assistance that would be needed just to cover first-year costs varies from 

<$100 to nearly $2,000. These results clearly underline that computing a single cost 

estimate for a variety of possible management options as well as local actors is not only 

inadequate but also misleading. 

Conclusions 

Carbon sequestration in small-scale farming systems in degraded dryland environments 

can indeed be a win-win situation both for local farmers and the global society. 

However, it would require a fundamental change in the way climate change mitigation 

programs, especially at the community level, have been conceived so far. Above all, it 

requires regarding carbon activities as an additional element in people's complex and 



dynamic livelihoods, supporting flexible and adaptive behavior with the overall goal to 

reduce risk, and, consequently, enhance the resilience of the system. A farmer-centered 

approach to carbon sequestration, as proposed in this study, embraces the following four 

components. First, a basket of management choices and technologies from which 

farmers can choose depending on their needs, available resources, and market 

conditions is more likely to support such flexible and adaptive behavior than narrow 

blueprints of 'best management practices' selected on the basis of ideal carbon 

sequestration and storage rates. Second, the recognition that smallholders face 

differential opportunities and constraints with respect to improved management options 

calls for well-designed and equitable support mechanisms to overcome limited 

investment capital. Without such mechanisms the most vulnerable groups, those who 

face the highest risks and most need the anticipated benefits, are likely to be left out. 

Third, strong local institutions that support the rights and responsibilities of local actors 

and prevent the 'preemption of innovation' by local technical elites, urban businessmen, 

and other early adopters and innovators in the emerging carbon market, will have a key 

role to play. Fourth and finally, a flexible and adaptive management and policy 

approach, involving local institutions, is more likely to acknowledge and accommodate 

local complexities and uncertainties than global regulation and control. A 

complementary set of multi-level policies will be needed to tackle fundamental 

problems of poverty and development. 

The results from this study can be used to design carbon sequestration programs 

that more effectively address the needs of small-scale farmers. At the same time, they 



can contribute to the current global change debate by illustrating possible ways of 

transcending boundaries of discipline and scale. 
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ABSTRACT 

Carbon sequestration in soil organic matter of degraded Sahelian agro-ecosystems could 

play a significant role in the global carbon (C) uptake through terrestrial sinks while, 

simultaneously, contributing to sustainable agriculture and desertification control. The 

paper documents the results of a two-year pilot project in Senegal assessing real project 

opportunities with main emphasis on the West-Central Agricultural Region ("Old 

Peanut Basin"). Current total system C content in this region, calculated on the basis of 

in situ soil and biomass carbon measurements, amounted to 28t ha~^ with ll.St C h"^ in 

soils (0-20cm) and 6.3t C ha~^ in trees. Potential changes in soil C, simulated with 

CENTURY for a 25-year period, ranged from -0.13t C ha"' yr"' under poor 

management to + 0.43t C ha ' yr"' under optimum agricultural intensification. 

Simulated changes in crop yields varied from -62% to +200% under worst and best 

management scenario respectively. 

Best management practices that generate the highest sequestration rates are 

economically not feasible for the majority of local smallholders, unless considerable 

financial support is provided. Especially when applied on a larger scale, such packages 

risk to undermine local, opportunistic management regimes and, in the long run, also 

the beneficiaries' capacity to successfully adapt to their constantly changing 

environment. 
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INTRODUCTION 

Two global phenomena have been receiving increased international attention over the 

last two decades. The first involves the growing rate at which carbon in the form of CO2 

is accumulating in the atmosphere, primarily as a consequence of the combustion of 

fossil fuels, tropical deforestation, and other types of land use changes. The second is 

related to continuous land degradation^ and erosion, and, in the context of drylands, 

desertification, often resulting in declining soil fertility, agricultural outputs, and thus 

deteriorating livelihoods. Advocates of carbon sequestration in soils argue that by 

linking these two processes, a win-win situation for drylands can be attained. While 

global atmospheric CO2 will be reduced, soil organic carbon and carbon inputs to the 

soil will improve soil properties such as nutrient, moisture retention, and tilth (Woomer 

et al., 1994) and, as a consequence, increase land productivity and crop yields and 

contribute to the restoration of degraded agro-ecosystems. 

Drylands, usually defined by an aridity index (ratio of precipitation to potential 

evapotranspiration) ranging from <0.05 for hyper arid to 0.2-0.5 for semi-arid, 

represent approximately 40% of the globe's surface. According to United Nations 

Environment Programme (UNEP), 90% of all drylands in Africa are degraded. In 

comparison with other ecosystems, the carbon content and CO2 fixing capacity of 

drylands are rather low. According to Batjes (1999), soil organic carbon (SOC) in arid 

environments amounts to roughly 4t ha~' for the first 100cm soil compared to 7-lOt ha~^ 

' Land degradation is, in a most general way, defined as "the substantial decrease in either or both of an 
area's biological productivity or usefulness due to human interference" (Johnson and Lewis, 1995). 



in the tropics, 7-13t ha"^ in the subtropics, 11-13t ha^ in temperate regions and 21-24t 

ha ' in boreal, polar and alpine zones. For Senegal, estimates in the West-Central part of 

the country range from 4.5t C ha~' for continuously cultivated areas without manure 

input but with fallowing every fifth year to 18t C ha"' for non-degraded savannas 

(Tiessen et al., 1998; Ringius, 2002). As for the COi-fixing capacity, Lai (1999) 

estimates that 0.05-0.3t C ha"' yr"' can be sequestered on croplands in semi-arid 

regions by using various improved management practices or by switching from one type 

of land use to another. His estimates with respect to grasslands and pastures are slightly 

lower (0.05-0.It C ha ' yr"'). 

Nevertheless, given the fact that the soil organic matter (SOM) content is 

usually lower in areas where degradation is severe, the potential to increase the soil C 

content through rehabilitation of drylands is high. Improved land management practices 

such as reduced tillage, mulching, composting, manure application, fallowing, crop 

rotations, agroforestry, and soil salinity control (Lai et al., 1999; Bruce et al., 1999) as 

well as changes in land use, including the conversion of degraded croplands to 

grasslands and/or grazing lands, will not only increase the rate of CO2 uptake from the 

atmosphere but, al the same time, contribute to erosion and desertification control and 

enriched biodiversity. As such, carbon sequestration in soils could provide the crucial 

link between three international conventions: the UN Framework Convention on 

Climate Change (UNFCC), the UN Convention to Combat Desertification (UNCCD), 

and the UN Convention on Biodi versity (UNCBD). 



Promoting degraded agro-ecosystems as potential carbon sinks has several 

concrete advantages. Especially in contrast to carbon sequestration in forests and other 

above-ground biomass, carbon sinks in degraded agro-ecosystems are more likely to 

secure carbon storage in the form of SOM in the long run. This is due to longer 

residence time of carbon is soils as well as the direct link to local farmers who depend 

on soil fertility as the basis for their livelihoods and, therefore, are likely to have a 

greater incentive to protect it (Olsson and Ardo, 2002). In addition, carbon sinks in 

degraded agro-ecosystems are anticipated to provide direct environmental, economic, 

and social benefits for local populations inhabiting and cultivating these lands. In areas 

where most smallholders depend on subsistence agriculture, increased soil fertility and 

crop yields, improved water-holding capacity in soils, less animal pressure due to the 

restoration of degraded crop and grazing lands, and enhanced food security could all 

contribute directly to an improvement of people's livelihoods. Lastly, promoting carbon 

sinks in degraded drylands, primarily in Africa, either through the Kyoto Protocol or 

other international agreements, provides a promising avenue for addressing North-South 

equity issues combined with the necessary financial support for the world's rural poor. 

Despite these seeming advantages, controversy surrounding the notion of carbon 

sequestration in soils remains. Schlesinger (2000), for instance, emphasizes the hidden 

carbon 'costs' of some recommended management practices, actually increasing CO2 

emissions to the atmosphere rather than reducing them. Many development practitioners 

are still skeptical, arguing that carbon brokers, national ministries, and local leaders 

rather than needy rural populations will benefit from carbon projects. Also, or even 
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most importantly, soil carbon sequestration will not be eligible during the first 

commitment period of the Kyoto Protocol, although political pressure has been growing 

(Ringius, 2002). 

This paper aims to address some of the current gaps and limitations in soil 

carbon sequestration research in dryland environments. It evaluates both the biophysical 

and socio-economic opportunities and constraints for soil carbon sequestration in 

Senegal's semi-arid regions. It attempts to shed light on the current C status, the 

potential for C gains through improved management practices and land use changes, as 

well as the anticipated costs and benefits related to a larger carbon offset scheme among 

local smallholders. 

A CASE STUDY IN SENEGAL: THE SOCSOM PROJECT 

In order to assess the potential for carbon sequestration in soils in degraded semi-arid 

environments in the Sahel, a two-year pilot project was conducted in three distinct agro-

ecological regions of Senegal. The SOCSOM Project (Sequestration of Carbon in Soil 

Organic Matter), funded by USAID and implemented as a collaborative research 

activity between EROS Data Center/USGS, Colorado State University, University of 

Arizona, Centre de Suivi Ecologique (CSE) and Institut Senegalais de Recherches 

Agricoles (ISRA), has four major components: 

1) Assessment of current carbon status through soil and biomass carbon 

measurements 
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2) Evaluation of future options for carbon sequestration through simulation of 

management practices and their impact on carbon pools using CENTURY, a 

biogeochemical model 

3) Quantification of costs and benefits of improved management practices 

4) Assessment of the institutional and policy requirements necessary to design and 

implement a future carbon sequestration program in Senegal. 

Site description 

The SOCSOM study was conducted in three distinct agro-ecological zones (Fig. 1), 

reflecting the North-South stratification in terms of precipitation, soil types, vegetation 

zones, and major ethnic groups. Among these three study zones, the West-Central 

Agricultural Region ("Old Peanut Basin") was to receive special emphasis and, thus, 

will be described in more detail in this paper. 

The West-Central Agricultural Region is characterized by soils with large 

portions of aeolian material. The dominant soil types are luvic Arcnosols, ferric 

Luvisols, and chromic Vertisols (FAO, 1974). Farmers distinguish primarily between 

"J/or" and The first are common on former dune slopes and usually contain 

>95% sand and < 0.2% organic carbon. The second are hydromorphic with 85-90% 

sand and slightly more organic carbon (Badiane et al. 2000). 

The climate is semi-arid with annual precipitation ranging from 350-700mm, 

making this part of the country suitable for rain-fed agriculture with emphasis on millet 

(Pennisetum typho'ides), groundnuts {Arachis hypogaea), sorghum {Sorghum bicolor) 



and cowpeas (Vigna unguiculata) as major crops. The rainy season usually lasts from 

July to September or October, although both spatial and temporal variation of rainfall 

are high and episodic crop failures well known. Over 90% of arable lands are used for 

cultivation, leaving this area without any forest resources at all. Due to a long 

agricultural history and increasing population pressure, the natural vegetation, including 

woody species primarily from the families of Mimosaceae and Combretaceae, has 

bccome heavily degraded. Today, the major woody shrubs comprise Balanites 

Aegyplica (sumpf and Guiera senegalensis (tiger). The most common tree species are 

Acacia Senegal (verek), Acacia raddiana (seing), Acacia nilolica (nebneh), Acacia seyal 

(surur), Adansonia digitata (gut), and Faidherbia albida (kad). 

From both remotely sensed images and household interviews it is apparent that 

land use and land cover have changed considerably over time. A comparison of 1968 

Corona and 1999 LandSat images suggest that fallow has decreased from 35 to <5% in 

most areas (Tappan, personal communication, 2001), although patches of new fallow in 

the northeast of the study area, mostly due to out-migration, can be identified. 

The Old Peanut Basin is known for its high population densities, ranging from 

150 to 225 inhabitants km"^ (Centre du Suivi Ecologique, 2000). Eighty-eight percent of 

the population identify themselves as members of one of two ethnic groups, the Wolof 

and Serer (Centre de Suivi Ecologique, 2000). The variability of cereal production. 

^ Common names (in parenthesis) are in Wolof, the dominant local language in the central part of 
Senegal. 
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mainly millet and sorghum, in the region is fairly high, on average 45%"\ making rural 

smallholders vulnerable to fluctuations in precipitation. 

CURRENT C STATUS 

Soil and biomass C measurements 

Methodology 

In order to assess the current total system carbon status, biomass and soil carbon 

measurements were taken in three villages'^ within the study area. To ensure maximum 

interest, understanding, and participation among villagers, three teams of local 

smallholders received basic training and contributed significantly to the measurements. 

Six sample fields per village were selected based on a field lottery, following a stratified 

random sampling, designed to minimize conflicts among farmers. Trees were counted 

and measured (diameter at breast height) on a 0.25 ha sampling area within each field. 

2 2 Understory, litter, and root samples were taken respectively from Im , 0.25m , and 

0.04m" replicate subquadrats, all within the 0.25 ha main quadrat, with the origin and 

direction established at random. Soil samples were collected at 0-20cm and 20-40cm 

and bulk density at 10cm and 30cm soil depth within the same replicate subquadrats. 

All samples were analyzed at the ISRA/CNRA research station in Bambey. Biomass 

samples were oven-dried at 70° C to constant weight for dry matter. Soil samples were 

^ Author's calculation based on agricultural statistics (1960-2001) provided by the Ministere de 
rAgriculture et de I'Elevage (DAPS/DSDIA), Dakar, Senegal. 

" Thilla Ounte (619 inhabitants), Communaute Rurale de Touba Toul; Ngodjileme (573 inhabitants), 
Communaute Rurale de Ngoye; and Thiaytou (827 inhabitants), Communaute Rurale de Dinguiraye. 



analyzed following Black&Walkley for C (Walkley, 1947), Kjeldahl for N (Bremner, 

1996), Olson modified by Dabin (1967) for soil available P, and Robinson for 

granulometric analysis of clay and silt (Day, 1965). Bulk density was measured using 

volume infill procedures. 

Data compilation and analyses 

Data was compiled in Microsoft Excel and standardized on a hectare basis. The 

proportion of C in all biomass pools was assumed to be 0.47.' An allometric equation, 

proposed by FAO for dry woodlands (1997), was used to calculate tree biomass. On a 

separate spreadsheet, data were regrouped based on land use t5^e and compared with 

mean values from other SOCSOM study areas (Woomer, 2003). 

Results 

The results from the soil and biomass carbon analysis showed considerable variation 

between sampling sites, both for total system carbon and distinct carbon pools (Table 

1). Total system carbon varied between 12.7 t ha'' and 59.3 t ha~' (mean 28.2, SD±12). 

This large variation is most likely due to two factors: 

1) One of the sites (#11, Table 1) was in close proximity to a pond and showed 

clay and silt contents as high as 20.15% for the 0-20cm soil horizon (compared 

to <10% for all other sites) and 28.3% for the 20-40cm horizon (compared to 

' The carbon content of biomass and intact litter can be inferred from mass. The value of 0.47 chosen for 
this analysis thus represents the mean of the range of 0.45-0.5 recommended by Woomer et al. (2001). 



<15% for all other sites). According to Fieri (1992), higher clay contents usually 

also result in higher soil carbon levels, thus explaining this apparent anomaly; 

2) Six of the seven other sites with high total system C values had a few old or 

several young trees, primarily Faidherbia albida, that accounted for tree C as 

high as 15-20t ha~' while roughly half of all sites had <5t ha~^ 

On average, combined soil and tree C accounted for 86% of total system carbon 

(SD±11). It should be noted that although soil C declined with increasing soil depth, 

which is expected, the 20-40cm soil pool contained on average 37% of the total 

measured soil C, compared to 63% found in the upper 20cm. Mean values for soil C in 

the upper level amounted to 11.3t ha~\ a value that was later used as a base comparison 

for carbon simulations with CENTURY. Nevertheless, a SD of ±4.7 clearly underlines 

the existing variation between sites. In fact, not all variation can be explained by 

differential clay and silt contents. As shown by field histories recorded during soil 

measurements, sites with means between 4 and 8t C ha ' were indeed poorly managed. 

Values beyond 14t ha"' can, in most cases, be correlated with significant amounts of 

organic matter inputs. Values for soil C in the 20-40cm horizon ranged from 2.8 to 29.8 

t ha"' (mean 6.9, SD±5.4). 

Tree C amounted to 6.3t C ha~' on average, masking the high variation between 

sites (SD±6.4). In comparison to soil and tree C, root and herbaceous C were almost 

insignificant, accounting on average for only 3.7% and 1.2% of the total respectively. 



Litter C was slightly higher, ranging from 0.5-14.2 t ha~' (mean 2.5, SD±3), accounting 

for roughly 10% of the total system carbon. 

Regrouping the data by land use type confirms Ringius' assertion (2002) that 

short fallow periods are insufficient to restore soil organic matter in degraded savannas 

of West Africa. On average, cultivated lands showed the highest total system C values 

(29.5 t C ha'', SD±13.4). However, the mean (Table 2) obscures the differences 

between poorly and well-managed fields within this category. Fallow, in contrast, 

resulted in only 17.4t C ha"' for all pools combined, with values for both tree and soil C 

lower than on cultivated fields. New parklands (fields with trees planted during the last 

decade) were fairly similar to cultivated fields, although C values were slightly lower in 

all pools. 

As described elsewhere (Woomer, 2003), total system carbon values for the 

West-Central Agricultural Region ranked, as expected, between those of the adjacent 

agro-ecosystems to the northeast and the southeast. In an overall comparison between 

SOCSOM study areas, C measurements and analyses revealed maximum tree and soil C 

in the forest regions along the Senegal River Valley and the Sudan-Guinean Transition 

Zone (Casamance) in the South. The average values for these regions amounted to 48 t 

C ha"' for tree C and 40t C ha"' for soil C. It is worth noting that the soil C values for 

cultivated and new parklands in the West-Central Agricultural Region matched the C 

content recorded for woodlands farther south, indicating relatively poor protection of 

the latter against (illegal) cutting, browsing and other sources of degradation. 



Biogeochemical simulations using CENTURY 

Methodology 

In order to estimate past and future carbon levels as well as confimi current C contents 

as obtained through ground measurements, a biogeochemical model, CENTURY, was 

used (Parton et al., 1993; Parton and Ojima, 1994). CENTURY is an ecosystem model 

that simulates fluxes of carbon (C), nitrogen (N), phosphorus (K), as well as sulphur 

(S). It is a useful tool for depicting, inter alia, the impact of climate change and 

management practices on the above variables. For this project, the model's prime 

function was to evaluate the impact of a series of management practices on soil C and 

crop yields, primarily millet and groundnuts. The main output variables of interest were 

total soil C (g m~^) in the upper 20cm soil horizon and crop yields (g m~^). 

Charcoal CENTURY was used instead of the standard monthly CENTURY in 

order to better simulate stable soil C in highly sandy soils (95%). Historic C levels 

were obtained by reconstructing land use and management changes as best as possible 

(Table 3), using remotely sensed data, field interviews, and, for periods prior to 1945, 

approximations based on similar, adjacent, and undisturbed environments. The model 

was run to equilibrium before the first scenario was introduced. Input data for the model 

were obtained through the Direction Nationale de la Meteorologie in Dakar, field 

measurements, and from the literature. Real precipitation and temperature data were 

® The majority of protected soil C, analogous to the passive pool in CENTURY, can be in the form of 
charcoal in systems that are or were frequently burned (Skjemstad et al., 1996). 



used for the period 1960-2001. The same climate data were used for the simulation of 

future scenarios while historic periods prior to 1960 were based on long-term means. 

Simulation results for past and current C levels 

CENTURY results suggest an initial total system carbon content in the native savanna 

environment before cultivation of 60t ha"\ composed of mostly tree C (34.7t C ha"^) 

and soil C (20.lt C ha'^). Because no forest reserves or other undisturbed sites exist 

within the study area, these values are difficult to verify and, thus, could at best be 

approximated on the basis of sites that now resemble the initial conditions of the Old 

Peanut Basin before the beginning of agriculture in the mid 1800s. 

With the clearing of land for millet and groundnuts, tree C decreases rapidly 

while soil C declines more slowly (see also Fig. 2). By 1900, tree C has decreased by 

65% (0.43t C ha"' yr"') and soil C by 21% (0.083t C ha"' yr"'). Both parameters 

continue to decrease until the present, due to a combination of agricultural expansion, 

biomass removal, periodic fire events, pruning, browsing, episodic drought events, and 

insufficient organic matter inputs. It should be noted, however, that both tree and soil C 

experienced a short-term increase from the 1950s to the mid-1970s, which can be 

related to years of favorable precipitation as well as intensified agriculture due to large 

subsidies by the state's agricultural policies. 

Current (2001) C values simulated by CENTURY correlate well with the results 

from the ground measurements described above. Modeled soil C for the upper horizon 

(0-20cm) amounted to 11.9 t ha~' compared to 11.3 t ha""' observed in the study sites. 



These values are also in agreement with numbers cited in the literature. For instance, 

Ringius (2002) estimates soil C for the upper horizon between 6 and 14.2t ha"' for sites 

with continuous cultivation and manure inputs. Tree C simulated by the model 

amounted to 4.2t ha which is comparable to an average of this land use type of 4.3t C 

ha ' measured on the ground. Overall, the model suggests that total system C has 

decreased by 71% (42.7t ha~') from 1800 to the present day. Losses of soil C amounted 

to 8.2t ha ' over 150 years (-41%) and those for tree C to 29.4t ha ' (-87%). 

In terms of crop yields, CENTURY simulated millet yields at an average of 

653kg/ha for the period 1980-2001. This is higher than the mean reported by the 

Direction de 1'Agriculture for the same time period (527kg/ha). Simulated groundnut 

yields were 707kg/ha, which is only slightly higher than the official mean (665kg/ha). 

BIOPHYSICAL POTENTIAL FOR C SEQUESTRATION IN SOILS 

According to Lai (1999), 0.05-0.3t C ha~' yr~' can be sequestered on croplands in semi-

arid regions by using various improved management practices or by switching from one 

type of land use to another. For grasslands and pastures, Lai estimated a slightly lower 

rate, 0.05-0.11 C ha~' yr~\ In order to evaluate, in more detail, the land use/land 

management options for C sequestration for the West-Central Agricultural Region in 

Senegal, a total of 25 scenarios were designed and simulated with CENTURY. Input 

variables for all management .scenarios were defined based on field measurements 

and/or values obtained from the literature. The various scenarios are described in detail 

in Table 4. 
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Simulation of soil carbon sequestration potential 

As depicted in Fig. 2, CENTURY suggests that after 50 years, total system C could be 

increased from a present level of 17.3t ha ' to a maximum of 32.2t ha ' under an 

optimum intensification scenario and, even higher, to 40.8t ha'^ if all agricultural lands 

were converted into a grassland-tree plantation with Faidherhia albida (kad)? In the 

first case, primarily soil C would contribute to the overall increase, accumulating 

quickly from 11.9 to 25.4t C ha ' (+115%). In the case of the grassland-tree plantation, 

tree carbon would rise from 4.2 to 11.8t ha"', which is comparable to the tree C level 

before 1900. Soil C would also increase significantly (+95%), although the rate of 

accumulation is less than under the intensification scenario. Assuming a worst case 

scenario with an annual millet-sorghum rotation, no inputs, and continuous browsing 

and pruning, soil C would decline to an absolute low of 7.9t ha~' (-33%) while almost 

no more C would be available from trees (0.6t C ha~' or -86%). 

For a more detailed evaluation of the impact of management options on soil C, 

particularly the upper horizon, all 25 scenarios were compared to the 2001 baseline 

number for the study area (11.9t C ha""'). As illustrated in Table 5, fourteen practices are 

expected to result in increases in soil C over the next 25 and 50 years, ranging from 

roughly 0.3-13.5 t ha"'. These practices include the application of cattle and sheep 

manure (4-lOt ha"') with or without fertilizer, 3-10 year fallow periods with organic 

' Kad are highly valued among farmers for their contribution to soil fertility, mainly because of nitrogen 
fixation and litter fall from leaves that occurs at the beginning of the rainy season. 



matter input in rotation with 4—6 year cropping cycles, plantations with Faidherbia 

albida (kad), and the optimum intensification scenario. 

It should be noted that for all these practices, with exception of tree planting, the 

majority of C gains are achieved in the first 25 years. During this time period, simulated 

values for C increase due to soil C sequestration ranged from 0.02 to 0.43 t C ha"^ yr"\ 

which is higher than estimated by Lai (1999). From a carbon trading perspective, this is 

certainly desirable. Under the fallow scenarios, the levels of C achieved after 25 years 

will not be maintained in the long run, due to the fact that cropping years after fallow 

periods were simulated without any organic matter inputs. In other words, gains 

achieved during fallow periods will not counteract the losses that are expected to occur 

during cropping cycles. Gains in soil C due to the application of compost were modest 

and cannot be expected to be sustainable over long periods of time. 

Changes in soil C expected as a result of converting croplands into grasslands 

were less significant. The model suggests gains ranging from 1.6 to 2.5t C ha~^ during 

the first 25 years (0.06-0. It C ha'"^ yr"^) for grasslands with and without summer 

grazing and grasslands with protected Faidherbia albida respectively. These values 

correspond well with Lai's (1999) estimates. Thus, the removal of cropping cycles 

alone, just as in the case of fallow, is not sufficient to restore soil C levels. 

On the negative side, the model predicts further decline of soil C if farmers 

practiced continuous cultivation with no external inputs. Nutrient mining and further C 

losses are expected to be greater and to occur faster without groundnuts in the rotational 

cropping cycle (on average 3.2t C ha~' compared to 3t C ha~' with groundnuts). 



Scenarios based on rotational cycles of fallow - crops and grazed fallow - crops 

as well as stubble grazing during the dry season did not yield any improvements in soil 

C. In fact, CENTURY predicts losses for all of these options during the first 25 years, 

although not as severe as under continuous cultivation, ranging from 0.4-1.2t C ha 

Given farmers' preferences for grazing-cropping schemes, at least with respect to 

maintaining soil fertility, this particular simulation result was rather surprising. 

Simulated changes in crop yields 

As for changes in crop yields due to different management practices, CENTURY 

simulated variation from -62% to +200% for millet and -45% to +133% for groundnuts 

over a period of 25 years, under worst and best management scenario respectively. 

Positive and negative changes correlate well with changes predicted for soil C. 

Increases in groundnuts exceeded those in millet when significant amount of manure 

was applied in the simulation (4—1 Ot ha~'), reflecting the one-year lag effect of manure 

on millet, as usually practiced by farmers in the study area. 

A comparison of simulated historic (1980-2001) crop yields with values 

achieved under improved and worst-case future management practices (2002-2026), as 

illustrated in Fig. 3, indicate that the maximum average that could be achieved under an 

optimum intensification scenario was l,650kg/ha for groundnuts and 1,960 kg/ha for 

millet. Year-to-year variation seems to be higher for groundnuts than for millet. Under 

the worst-case scenario (millet-sorghum rotation without any external inputs), the 
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model suggests a drop in average millet yields to 295kg/ha. This amount would 

undoubtedly be insufficient to satisfy basic household food needs. 

COST-BENEFIT ANALYSIS OF IMPROVED MANAGEMENT PRACTICES 

Methodology 

In the next step, costs and benefits were calculated for each improved management 

practice. In consideration of C storage potentials, an 'improved' practice was defined as 

yielding at least 1.5t C ha"' over a period of 25 years, which corresponds to the 

minimum sequestration rate as estimated by Lai (1999). While benefits anticipated from 

C trading were calculated directly from the results of the CENTURY simulations, costs 

and benefits expected to occur at the local level were determined by using a "farmer-

perspective financial feasibility" approach (Christopherson and Faye, 1999). This 

farmer-based assessment allowed evaluation of the feasibility of improved management 

practices by the intended beneficiaries, the local farming communities in the West-

Central Agricultural Region. In the course of group discussions and focus group 

interviews in three selected villages in 2001, farmers were asked to list ail actual and/or 

potential costs for a variety of common and recommended management practices as 

well as to estimate resulting benefits, in the form of both increases in crop yields and 

cash income related to the sale of wood, animals, and animal products. The results of 

this participatory assessment were complemented with (1) data from a local market 

study, carried out between July and August 2001, (2) results from agronomic 
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experimentation plots available through ISRA, and (3) additional estimations provided 

in the literature. 

To take into consideration the differential economic situation of local 

smallholders in the study area, a stratified cost-benefit analysis was developed. The 

underlying rationale for this stratified analysis was to substitute the "ideal average" 

farmer, that often (wrongly) is assumed to be representative for an entire target 

population, with three categories of farmers having a small, medium, and large resource 

endowment. These distinct levels of resource endowment as well as differences in credit 

options and labor costs are reflected in a minimum, average, and maximum cost 

scenario^ for each simulated management practice. The time horizon assumed for this 

analysis was 25 years, corresponding to farmers' perceptions of decision-making 

processes within one generation, and the unit of analysis one hectare. Net Present 

Values (NPV) were calculated based on a discount rate of 20%.'' 

® The maximum cost scenario assumes a low household resource endowment. It includes all possible 
costs that are likely to occur for a given management practice. Prices for animals and agricultural 
equipment are estimated at 2001 market prices. Labor costs reflect farmers' judgment concerning the 
drudgery involved in a certain task. One workday is defined as five hours of work (Sam-1pm). Costs for 
fodder are based on farmers" ideal estimations of what consists a healthy diet for their animals. 
The average cost scenario assumes a medium resource endowment. Animal credits cover 70% of initial 
costs and are repaid over a period of 15 years, starting with year three. Agricultural equipment is rented 
when necessary. Labor costs are calculated as opportunity costs of time, varying between 1 .OOOCFA 
($1.5) and 1,400CFA ($2) per workday depending on the season and reaching 350,000CFA ($516) for a 
three-month period. Fodder costs are reduced by 1/3 for crop residues and by Vi for commercialized 
products. 
The minimum cost scenario assumes a fairly large resource endowment, including all animals and 
agricultural equipment required for a certain management practice. Labor is assumed to be free, and 
fodder costs are reduced to the level of actual expenditures as recorded for the study villages in 2001. 

' The discount rate assumed for this analysis was 20%. According to Christopherson and Faye (1999), the 
real rate of interest applicable to the agricultural sector in Senegal was 8.7%, based on consumer price 
index, inflation and bank lending rate between 1987 and 1998. The assumed discount rate for this 
analysis, being more than twice as large as the documented rate, takes into consideration changes in these 
three parameters that might have occurred since 1998 as well as real and perceived risks farmers face in 
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Results 

Local costs and benefits 

Based on assumptions of an average cost scenario, total costs for one hectare and a 25-

year period ranged from $341 for the least expensive management option (protecting 

Faidherbia albida with iron baskets) to $30,279 for the most expensive management 

option (optimum intensification combined with animal fattening for sheep and cattle). 

Looking at initial (year 1) costs, the cheapest practice was a fallow-cropping rotation 

involving 80 sheep from various villagers grazing on a common piece of land during the 

rainy season. The total costs of $84 for this practice consisted of only minor labor 

involvement and foregone production. The highest initial costs farmers would encounter 

were those related to stubble grazing with 20 cows, exceeding $4,000. 

On the benefit side, ccrtain practices were assumed to produce no financial gains 

during the first year while others, especially those that included the sale of animals 

and/or animal products (milk and butter), generated >$1,(XX) per hectare at the end of 

the initial investment year. Total benefits after 25 years and per hectare ranged from 

$1,628 to >$30,000. Again, practices that combined C sequestration with desirable 

economic side effects, such as incomes from animal fattening and animal sale, ranked 

much higher. Table 6 provides an overview of costs, benefits, and Net Present Values 

(NPV) for selected C sequestration practices. 

their decision-making processes. Given this extra margin, it is assumed that farmers who use a certain 
management practice will indeed be better off than without the intervention. 



Furthermore, practices that involved initial investment costs significantly higher 

than the costs farmers would encounter during subsequent years tended to have negative 

NPV, implying that, economically, farmers would not be better off if they adapted these 

practices. This is particularly true for practices such as stubble grazing and manure 

production due to the fact that initial expenditures related to the purchase of animals 

exceed the benefits generated during the first 6-7 years. Only under the minimum cost 

scenario, suggesting that farmers already own the assumed number of animals and the 

equipment necessary for a certain management practice'", were profits possible. Overall, 

costs under the maximum cost scenario were up to 30% higher than under the average 

cost scenario. Under the minimum cost scenario, expenses could be reduced by up to 

60% compared to those calculated for the average scenario. 

At present day, very few cost estimates for improved land management/C 

sequestration exist for African drylands. Those that do exist, such as the ones resulting 

from a 1997 UNEP workshop (Squires et al. 1997), provide a single-number cost 

estimate for the restoration of drylands, even though, as shown in this study, variations 

between proposed management/C sequestration practices can be fairly significant. As 

suggested by Ringius (2002), there is an urgent need for more detailed financial 

assessments, also because earlier studies have most likely underestimated overall costs. 

Only three of 36 compounds interviewed in 2001 owned 20 cows or more. No compound could afford 
the luxury of having three cows in the homestead used primarily for manure production. 
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Benefits from carbon trading 

In addition to benefits anticipated to occur directly at the local level, either through 

increased crop yields, sales of animals, animal products or wood products, potential 

benefits from international carbon trading were calculated for all management practices. 

As demonstrated, only about half of all simulated management options resulted in soil C 

gains. Table 7 summarizes expected benefits from C trading for all best management 

practices after a period of 25 years. An average price of $15 for It C was assumed." 

Economic gains ranged from $36 to $ 162 or, if calculated per year, from <$2 to 

slightly <$7 per hectare. For reasons of comparison, yearly $ gains from C trading were 

weighed against the income farmers obtained from their crops in 2001, A participatory 

wealth ranking was used to distinguish between three levels of houschold/compound 

1 'y 
resource endowment. For richer households, the potential gains from C trading 

amounted, on average, to 1% of their crop income. For average households, they 

amounted to 1.3%, and for poor households up to 4.5%. These values are extremely 

low and, thus, not likely to constitute a significant financial incentive for farmers to 

adopt improved management practices. Although it could be argued that especially poor 

farmers will take advantage of every opportunity to improve their economic situation, it 

" Currently, carbon credit values as set by carbon exchange and trading systems range from $1 to $38 
per ton of carbon, although more common values are between $2.50 and $5.00 (Robert, 2001). 

During fieldwork in 2001, farmers in three study villages defined wealth categories and, then, ranked 
all village compounds/households accordingly. In most cases, the terms compounds and households can 
be used interchangeably because most compounds in the study area consist of only one household. 
However, in the case of compounds containing more than one household, the compound was chosen as 
the major unit of analysis because it is the key level of decision-making with respect to land use and 
management. 



should be stressed that these poor farmers are also the ones who command very limited 

resources, face the highest risks, and thus are less likely to adopt innovations. 

Finally, a simple comparison of annual revenues per wealth category with 

calculated initial (year 1) costs for proposed management practices illustrate that the 

vast majority of smallholders in the Old Peanut Basin in Senegal would not be in a 

position to invest in C sequestration schemes. Based on the results from the 2001 

household/compound surveys, annual revenues for poor compounds amounted to $577 

(SD±241), those for average compounds to $1,282 (SD±932), and those for richer 

compounds to $2,293 (SD±1,158). In most cases, annual expenditures were at least as 

high. More than half of all compounds showed a negative annual balance, which 

suggests that farmers were slightly to severely indebted. Given the initial investment 

costs for improved management practices (Table 5), ranging from $84 to $4,333 per 

hectare under the average cost scenario, and the poor economic situation of most local 

smallholders, it can be concluded that considerable financial support would be required 

to allow these farmers to participate in any soil C sequestration program. 

DISCUSSION 

The results from the soil and biomass ground measurements and the simulations 

performed with CENTURY for the Old Peanut Basin constitute a first step in an overall 

carbon assessment for Senegal. At present time, they are integrated into a national 

database that, as it is anticipated, will allow the Senegalese experts to better determine 



their own national, regional, and local C offset options to be discussed during 

international climate mitigation negotiations. 

Nevertheless, several limitations to the biophysical components of this study 

warrant consideration. In order to accurately estimate historic soil and biomass carbon, 

relatively pristine and undisturbed control sites are required. In the West-Central 

Agricultural region, however, such sites no longer exist. In fact, the entire study area, 

roughly corresponding to the administrative boundaries of the Departement de Bambey, 

the eastern part of the Departement de Thies, and the western part of the Departement 

de Diourbel, is the only large region in Senegal without any protected areas. Thus, 

maximum historic C levels had to be approximated based on protected forests and 

savanna woodlands farther south. 

So far, all simulations related to the impact of management practices and/or land 

use change for the period 2002-2050 were based on real climate data for Bambey (in 

the center of the study area) from 1960 to 2001. It would be of interest, however, to also 

include climate change scenarios and combine them with various management 

scenarios. More extreme changes in precipitation, temperature, and evapotranspiration 

might significantly alter the C sequestration potential for the study area. 

As for the cost-benefit assessment, the SOCSOM project has identified two 

major problems. These problems concern the assumptions underlying the present 

integration of biogeochemical and socioeconomic analyses. In fact, these two problems 

are not necessarily restricted to this specific research but seem to be inherent to most 



studies concerned with small-scale farming in risk-prone environments, especially in 

the Sahel. 

The first problem is related to the fact that most economic analyses among rural 

smallholders tend to assess costs and benefits for one "average" farmer, based on the 

assumption that the target population is fairly homogenous. In the case of the Old 

Peanut Basin, all farmers might be assumed to be equally poor. However, results from 

household surveys in three villages within the study area clearly demonstrated the 

opposite. A large variation exists between households/compounds in terms of their 

members, land, animals, and agricultural tools as well as annual revenues and 

expenditures. For instance, annual revenues per adult equivalent^^ in 35 compounds 

ranged from a minimum of $30 to a maximum of $395 (mean=:$127, SD=$81). In 

addition, as also depicted in Fig. 4, compounds differ greatly with respect to their major 

sources of income. 

Given this large variation, it became evident that assuming an average farmer for 

the purpose of a carbon cost-benefit analysis is not only oversimplified and misleading, 

but also, or even more importantly, quite dangerous because it obscures farmers' 

differential economic status. This, in turn, would determine the degree of adoption of 

improved management practices proposed through a carbon sequestration program. In 

an attempt to account for these differences, a stratified and more detailed financial 

analysis was designed, using a maximum, average, and minimum cost scenario, as 

Adult equivalents (1 adult =1,1 child = 0.5. 1 compound member only temporarily present = 0.25) 
were used to adjust for differences in compound sizes. 



described earlier. While most of the results discussed in this paper are based on the 

average cost scenario, the outcomes of the two other scenarios indicate how much 

higher or lower anticipated costs would be depending on the economic status of the 

target population. 

Carbon brokers and buyers, for obvious reasons, will seek a combination of 

highest C gains and lowest costs when evaluating potential C offset proposals. In most 

cases, costs will be lower if the targeted farmers already possess the main inputs that are 

necessary to implement an improved management option or land use change. Such 

critical inputs include a sufficient number of animals to produce organic matter, 

sufficient land for alternative land use types (fallow, grasslands, grazing lands), as well 

as carts and other means of transporting material. They also include access to credits or 

alternative sources of income (other than agriculture) that will allow farmers to purchase 

fertilizer, fodder, fuel, and construction material and, thus, no longer rely on sources of 

organic matter that are currently contested, such as millet stalks, peanut hay, weeds, 

branches, and animal droppings. Clearly, farmers who already command these inputs are 

in the minority in the Old Peanut Basin. Nevertheless, they are also the ones who face 

lowest risks and, therefore, might be most likely to participate in a C offset project. 

Those groups or individuals who most need the benefits of improved management 

practices through C sequestration, the large majority of Sahelian farmers, are least likely 

to adopt, simply because they face much higher risks. For this reason, poorer farmers are 

also less attractive to potential brokers and buyers. If improving poor people's 

livelihoods is indeed one of the main objectives of carbon sinks development in African 
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drylands, this "innovativeness-needs paradox" (Rogers, 1995) will have to be taken into 

account and special incentives be found to also include the economically weakest groups 

of farmers. 

The second problem with the socio-economic assessment is related to the fact 

that, for the purpose of the sequestration potential analysis, the same piece of land (in 

this case one hectare) is assumed to undergo the same improved management practice 

or land use change for the duration of the simulation. From the perspective of carbon 

brokers or buyers, this evidently represents the easiest approach. This is true not only 

for evaluating sequestration potential and possible gains, calculating new and desirable 

steady states and assessing possible costs and benefits, but also for the purpose of 

measuring and monitoring carbon improvements and remunerating participating 

stakeholders. 

From the perspective of local smallholders, however, this assumption is flawed. 

Due to the very "local, complex, diverse, dynamic and unpredictable" realities of most 

poor people's lives (Chambers, 1997), farmers are more concerned with adapting to 

their constantly changing environment, seizing opportunities and evading hazards when 

they emerge, rather than to strive for a new equilibrium as assumed by the model. 

Decisions regarding land use and management axe determined by a variety of factors, 

including the availability of and access to land, labor, seeds, organic matter, means of 

transportation, the timely availability of cash, soil types and conditions, crop rotation 

patterns, location of the fields, presence of animals throughout the year, economic side 

benefits of management practices, institutional networks and, ultimately, by agricultural 



policies, including inter alia credits, subsidies, and land tenure arrangements. To further 

confound their decisions, land use and management decisions are characterized by high 

spatial and temporal variability. 

Favoring a prescribed package of improved management practices that score 

highest on sequestration rates, carbon storage, and yield improvements on certain pieces 

of land, especially if applied on a large scale, might in fact undermine farmers' highly 

dynamic and diverse adaptation mechanisms and thus increase rather than reduce their 

vulnerability to risk. Although flexible and diverse sequestration packages are likely to 

be less appealing to foreign investors, they certainly satisfy local people's needs by 

strengthening their adaptive mechanisms that, for a long time, have proven to be key to 

successful risk management in areas prone to shocks and uncertainty. 

Finally, this paper did not address the role of national policies and institutional 

networks with respect to the potential for C sequestration in Senegal. However, the 

author has elsewhere addressed the significance of these factors, including land tenure 

arrangements, national credit and subsidy programs, agricultural extension services, 

improved seed programs and formal and informal institutional networks, and the impact 

that these have on farmers' decisions regarding land use and management (Tschakert, 

forthcoming). Only through a realistic and holistic assessment of all possibilities and 

constraints can carbon sink programs in Sahelian drylands be appropriately designed 

and, eventually, be successful and sustainable. 
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Table 1: Biomass and soil carbon for 21 sites (fields) in the West-Central Agricultural 
Region, 2001 

Site Village longDD latDD Clay+silt 
% 

0~20cin 

Clay+silt 

20-40C1X1 

TreeC Herb. C RootC Litter C SoilC 
0~20cm 

SoilC 
20-40cm 

Total 
soil C 

0-40cm 

Total 
system 

C 

Bulk 
density 
0-20cm 

Bulk 
density 

20-40cm 

— degrees — carix>n (kgha') -

1 -16.687 14.797 2-7 4.6 0 78 799 734 10,865 5,988 16,853 18,464 1.64 1.57 

2 -16.685 14.801 4.2 5.5 553 1,018 629 3,002 13,561 8,399 21,959 26,885 1.63 1.56 

3 -16.678 14.801 5.8 6.9 14,497 333 353 2,580 18,628 6,549 25,177 35,692 1.61 1.54 

4 1 -16.685 14.793 4.7 5.4 53 533 423 1,810 10,990 7,922 18,912 21,703 1.67 1.60 

5 -16.684 14.791 2.3 2.7 27 266 212 905 5,495 3,961 9,456 10,852 1.7 1.62 

6 -16.682 14.805 5.1 5.9 17,285 261 664 1,571 13.421 7,508 20,930 32,068 1.67 1.60 

7 -16.687 14.799 5.5 6.6 13,284 405 799 1,673 15,887 7,265 23,152 32,671 1.67 1.60 

8 2 -16.456 14.625 4.1 6.1 2,348 56 270 531 10,174 6.157 16,331 18,362 1.79 1.79 

9 2 -16.455 14.623 4.7 6.8 1,323 116 582 1.907 9,974 6,421 16.396 19,662 1.65 1.62 

10 2 -16.459 14.615 3.8 6.6 16.507 179 787 2,700 10,381 5,846 16,227 28,147 1.69 1.58 

11 2 -16.445 14.595 20.2 28.4 6,462 208 1,058 446 21,349 29,822 51,171 56,113 1.72 1.57 

12 2 -16.455 14.614 4.8 7.3 5,953 322 676 4,771 7,603 5,152 12,755 21,499 1.64 1.66 

13 2 46.454 14.617 5.9 6.9 10,122 472 353 5,572 8,300 5,192 13,493 24,950 1.67 1.67 

14 2 -16.457 14.629 7.8 13.4 308 134 922 780 6,199 4,400 10,599 12,590 1.65 1.57 

15 3 46.410 14.935 3.9 4.9 5,347 57 523 975 17,077 6,102 23,179 27,407 1.59 1.52 

16 3 -16.409 14.931 3.7 4.8 19,269 136 I,72i 1,361 7,896 4,272 12,168 25,021 1.57 1.50 

17 3 -16.402 14.931 3.6 4.3 6,275 2 858 870 6,614 4,356 10,969 15,836 1.62 1.63 

18 3 46.409 14.913 5.7 7.3 481 174 494 1,696 6,451 3.633 10,084 12,688 1.58 1.57 

19 3 -16.399 14.923 5.2 7.2 1,944 684 2,356 2,109 4,367 2,811 7,178 13,299 1.63 1.51 

20 3 46.407 M.946 5.0 6.7 1,195 204 1,240 2,830 6,529 5,537 12,067 16,938 1.60 1.54 

21 3 -16.415 14.916 6.8 8.7 675 386 3,120 14,223 16,504 4,725 21,229 39,295 1.59 1-56 

Mean 5.6 7.6 6,280 283 904 2,539 11,312 6,916 18,228 18,228 1.64 1.59 

Stdev 3.6 5.8 6,555 241 714 2,988 4,777 5,480 9.278 10,803 0.05 0.06 

Village: 1 = Thilla Ounte, 2 = Ngodjileme, 3 = Thiaytou 

Source: Soil and biomass C measurements (2001) 
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Table 2: Soil and biomass carbon by land use type, West-Central Agricultural Region, 
2001 

Land use type n Clay+silt Clay+silt Tree C Herb.C Root C Litter C SoilC SoilC Total Total Bulk Bulk 

% % 0-20cm 2(>-40cra soil C system C density density 

0~20cra 20-40cin 0-40cm 0-20em 20-4Ctein 

.. Via - . 

Cultivated 32 5.62 7.91 6,672 279 974 2,483 11,838 7,230 19,068 29,476 1.63 1.59 

(4.4) (6.6) (6,641) (306) (1,172) (3,868) (5,979) (7,348) (12,122) (13,383) (0.06) (0.08) 

Fallow 3 5.10 6.45 576 303 719 2,112 7,990 5,697 13,687 17,398 1.62 1.57 

(1-4) (1.5) (577) (246) (457) (709) (2,349) (1,961) (4,191) (4,241) (0.07) (0.05) 

Nevk- parkland 2 5.70 6.73 5,852 438 576 3,623 12,094 6,229 18,322 28,811 1.67 1.63 

(0.4) (0.6) (2,236) (139) (282) (3,311) (4,583) (1,348) (5,787) (11,085) (0.07) (0.07) 

Standard deviation in parentheses 

Source: Soil and biomass C measurements (2001) 
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Table 3: Historic management scenarios (0-2001) as specified in CENTURY 

Period Description 

0-1850 Initialization; Cenchrus as native grass and a West African, drought-adapted, deciduous Acacia as 

major tree; summer grazing of grassland at moderate levels; 70% of grassland burnt every S"** year 

and goats browsing shrubs also every 5* year; 

1851-1900 Introduction of agriculture; 7-ycar rotational cycle with 1 year M, 1 year S and 5 years of fallow; 
vnnter grazing after cropping years; 70% of trees removed due to fire during cropping years; 
browsing by goats; M straw mulching on S and M; Faidherbia albida ("had") as dominant tree 
from this period on (reverse growing cycle, nitrogen-fixing); 

1901-1945 Introduction of GN; 7-year rotational cycle with 1 year M, 1 year GN, 1 year S, and 4 years of 
fallow; tree burning and shrub browsing; winter grazing after M and S years; 2t of GN shells as 
organic matter input on M; tree pruning for preparing savanna for cultivation; 

1946-1965 5-year rotational cycle with 1 year M, 1 year GN. 1 year S, and 2 years of fallow; pruning and shrub 
browsing; 2t of manure on M, M straw mulching before GN and S, and 2t of GN shells also before 
S; 

1966-1981 Agricultural intensification through heavily state-supported "Programme Agricole"; 2-year 
rotational cycle with 1 year GN and 1 year improved M; no fallow; animal traction instead of hand 
weeding; fertilizer on both crops; 

1982-1997 7-year rotational cycle reflecting the disengagement of the state under the "Nouvelle Politique 
Agricole" with 1 year of "forced" fallow (lack of seeds), 1 year GN, 2 years M, 1 year GN, and 2 
years M; fertilizer on GN only one out of two cropping seasons, 2t of manure and a combination of 
It manure + 1 t household waste alternating on M three out of 4 cropping seasons; browsing by 
goats and tree pruning continues; 

1998-2001 2-year rotational cycle vwth 1 year GN and 1 year M; no fallow; 0.5t manure + 0.5t household waste 
on M; no inputs on GN. 

M=millet, GN=groundnuts, S=sorghum 



66 

Table 4; Future management scenarios (2002-2050) as specified in CENTUR Y 

Abbreviation Description Definition 

Rotation millet-sorghum (1:1) 

Rotation millet-groundnuts (4:1) 

Rotation millet-groundnuts (2:1) 

Rotaticm millet-groundnuts 

Rotation crops-failow+80 sheep (4:3) 

Rotation crops-fallow (4:3) 

Rotation crops-fallow+30 cows (4:1) 

Rotation crops-fallow-fmixed animals 
(2:2) 

Crops with protection of kad 

Stubble grazing (20 cows) 

Horse manure 1.5t 

Annual rotation 

5-year rotation cycle 

3-year rotation cycle 

Annual rotation 

Millet-groundnuts rotation; sheep summer grazing on fallow 
land 

Millet-groundnuts rotation; 7-year rotational cycle 

Millet-groundnuts rotation; 5-year rotetional cycle with cows 
summer grazing on fallow land 

Millet-groundnuts rotation; 4-year rotational cycle with low 
intensity grazing on fallow land 

Annual rotation millet-groundnuts 

Millet-groundnuts rotation with high intensity grazing 

November-December after millet 

Rotation crops (millet-groundnuts)-fallow with manure (4:1) 

No inputs, browsing, increased pruning 

No inputs, browsing, increased pruning 

No inputs, browsing, increased pruning 

No inputs, browsing 

Only inputs from grazing animals 

No inputs 

Only inputs firom grazing animals 

Only inputs from grazing animals 

Reduced pruning, no other inputs 

Only inputs from grazing animals 

Manure applied before June 

Grassland+grazing 

Compost 

Grassland+grazing 

Grassland+protection kad 

Rotation crops-fallow+manure (4:3) 

Cow manure 4t 

Cow manure 4t+fertilizer 

All cropland converted to grassland with native grass; summer Only inputs frx)m grazing animals 
grazing with moderate intensity 

Millet-groundnuts rotation + 2t of compost on millet 4t of millet stalks and L8t of manure 

No inputs 

Reduced pruning, no other inputs 

All cropland converted to grassland with native grass 

All cropland converted to grassland with native grass; kad 
trees protected 

7-year rotational cycle; millet-groundnuts rotation; 2t ca"ganic It of manure + it of household waste 
matter input on fellow land 

Millet-groundnuts rotation; manure on millet Manure applied before June 

Millet-groundnuts rotation; manure + 150kg fertilizer + Millet fertilizer: 14-7-7; Groundnuts 
100kg urea on millet; 150kg fertilizer on groundnuts fertilizer: 8-18-27 

Sheep manure 5t 

Rotation crops-fallow+leucaena prunings 
(4:3) 

Sheep manure lOt 

Rotation crops-fallow+manure (6:10) 

Rotation crops-fellow+leucaena pmnings 
(6:10) 

Kad plantation 

Optimum agricultural intensification 

Millet-groundnuts rotation; manure on millet 

7-year rotational cycle; millet-groundnuts rotation; 2t leucaena 
pmnings on fallow land 

Millet-groundnuts rotation; manure on millet 

16-year rotational cycle; millet-groundnuts rotation; 2t organic 
matter input on fallow land 

16-year rotational cycle; millet-groundnuts rotation; 2t 
leucaena prunings on fallow land 

All cropland converted to grassland, native grass, 250-300 
kad trees planted 

3-year rotation cycle with groundnuts-millet-fallow; 4t 
manure on fallow; 5t sheep manure + 2t leucaena prunings on 
millet; 150kg fertilizer on groundnuts 

Manure applied before June 

Prunings added in July 

Manure applied before June 

It of manure + It of household waste 

Prunings added every 2nd year in July 

Only input from kad trees 

Animal traction, reduced pruning, 
improved millet seeds, groimdnuts 
fertilizer: 8-18-27 
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Table 5: Impact of management practices on soil C (0-20cm horizon) compared to 2001 
C status in the West-Central Agricultural Region, simulated with CENTURY for two 
25-year periods (2002-2026 and 2027-2050) 

Management practices Changes in soil C Changes in soil C 

(t ha~') (tha^') 

First 25 years Second 25 years 

(2002-2026) (2027-2050) 

Rotation miUet-sorghura (1:1) -3.18 -0.74 

Rotation millet-groundnuts (4:1) -3.12 -0.74 

Rotation millet-groundnuts (2:1) -2,99 -0.78 

Rotation millet-groundnuts (1:1) -1.62 -0.42 

Stubble grazing (20 cows) -1.24 -0.42 

Rotation crops-fallow+SOcows (4:1) -1.00 -0.65 

Rotation crops-fallow+mixed animals (2:2) -0.95 -0.63 

Rotation crops-fallow+80sheep (4:3) -0.87 -0.58 

Rotaion crops-fallow (4:3) -0.37 -1.00 

Horse manure 1.5t -0.77 -0.38 

Protection kad and crops -0.64 -0.30 

Compost 2t 0.51 -0.17 

Grassland+grazing 1.46 0.60 

Rotation crops-fallow+manure (4:3) 3.43 -1.23 

Cow manure 4t 2.42 0.20 

Grassland 1.87 0.94 

Cow manure 4t+fertilizer 2.99 0,18 

Sheep manure 5t 3.19 0.20 

Rotation crops-fallow+leucaena prunings (4:3) 4.56 -1,15 

Grassland+protection kad 2.48 0,94 

Sheep manure lOt 4.25 0,37 

Rotation crops-fallow+manure (6:10) 6.17 -0,92 

Rotation crops-fallow+leucaena prunings (6:10) 6.35 -0,95 

Kad plantation (250-300 trees) 5.81 5,30 

Optimum agricultural intensification 10.83 2,70 

Source: CENTURY simulations 
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Table 6; Costs, benefits, and Net Present Values (NPV) for selected C sequestration 
practices, average cost scenario (all values in $ and for one hectare) 

Management practices Costs Benefits Total Costs Total Benefits NPV* 
Year 1 Year 1 (25 years) (25 years) (25 years) 

Rotation crops-fallow+SOsheep (4:3) 84 0 1,530 1,628 -178 

Crops and protection kad with iron baskets 130 0 341 3,418 154 

Stubble grazing (20 cows) 4,333 1,115 11,146 14,968 -2,016 

Cow manure 41 1,056 101 14,079 9,500 -2,094 

Cow manure 4t + animal fattening 161 1,145 27,560 31,151 2,992 

Optimum intensification 1,945 912 16,370 20,964 626 

Optimum intensification + animal fattening 2,426 1,355 30,279 52,453 1,726 

* NPV with 20% discount rate 

Source: Fieldwork (2001) and cost-benefit analysis 
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Table 7: Anticipated economic benefits from C trading only (all values in $ and for one 
hectare) 

Practices C gains Economic Economic % o f  % of % o f  

after gain gain * income income income 

25yrs after 25yrs ($ ha^' yr"') from crops from crops from crops 

(t ha~') ($ ha^') * in poor in average in rich 

HHs ** HHs »• HHs ** 

Grassland 1.87 28.05 1.12 1.62 0.51 0.39 

Cow manure 4t 2.42 36.24 1.45 2.30 0.66 0.50 

Grassland+protection kad 2.48 37.14 1.49 2.36 0.67 0.51 

Cow manure 4t+fertilizer 2.99 44.91 1.80 2.85 0.81 0.62 

Sheep manure 5t 3.19 47.88 1.92 3.04 0.87 0.66 

Rotation crops-fallow+manure (4:3) 3.43 51.51 2.06 3.27 0.93 0.71 

Sheep manure lOt 4.25 63.74 2.55 4.05 1.15 0.88 

Rotation crops-fallow+leucaena prunings (4:3) 4.56 68.23 2.73 4.33 1.23 0.94 

Kad plantation (250-300 trees) 5.81 87.16 3.49 5.53 1.58 1.21 

Rotation crops-fallow+manure (6:10) 6.17 92.16 3,69 5.85 1.67 1.28 

Rotation crops-fallow+leucaena prunings (6:10) 6.35 95.18 3.81 6.04 1.72 1.32 

Optimum agricultural intensification 10.83 162.41 6.50 10.31 2.94 2.25 

Mean 4.53 67.88 2.72 4.30 1.23 0.94 

* Assuming It C = $15 

* Average income from crops/year: $63 (poor households), $221 (average households), $289 (richer households) 

Source: CENTURY simulations, cost-benefit analysis, and field work (2001) 
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Figure Captions 

Figure 1: Major agro-ecological zones in Senegal with the three SOCSOM study areas: 1) 
the Northern Pastoral Sandy Region and the Senegal River Valley around Podor; II) the 
West Central Agricultural Region ("Old Peanut Basin") around Bambey; and III) the 
Sudan-Guinean Transition Zone around Velingara. 
Map source: EROS Data Center/USGS 

Figure 2: A CENTURY model simulation for tree and soil C in the West-Central 
Agricultural Region, with a historic scenario based on undisturbed savanna grasslands 
(1800-1850), past cultivation (1851-2001), and three selected management practices 
and their impact on tree and soil C between 2002 and 2050. 
Source: CENTURY simulations 

Figure 3: CENTURY simulation of historic average crop yields (1980-2000) compared 
to potential future crop yields (2002-2026) expected as result of selected management 
practices; all values in kg/ha. 
Source: CENTURY simulations 

Figure 4: Variation in annual revenues and sources of income between 35 compounds in 
three villages of the West-Central Agricultural Region. Values are expressed in $ per 
adult equivalent. 
Source: Fieldwork (2001) 
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Agro-ecological zones of Senegal: 

1 West-Central Agricultural Region 
2 Agricultural Expansion Region 

3 Saloum Agricultural Region 
4 Northern Pastoral Sandy Region 

5 Ferruginous Pastoral Region 
6 Southern Pastoral Sandy Region 
7 Senegal River Valley 
8 Eastern Transition Zone 
9 Shield Region 
10 Casantiance 
11 Estuary Region 
12 Great Coast 
13 Dakar Region 

SOCSOM study areas; 

I Bambey area 
II Podor area 
HI V^lingara area 

Figure 1 
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ABSTRACT 

Carbon sequestration in soils is increasingly promoted as a potential win-win strategy 

for reclaiming degraded drylands, particularly in developing countries, and contributing 

to global climate change mitigation while improving the livelihoods of resource poor 

farmers. This article presents a case study from the Old Peanut Basin in Senegal that 

explores the role of local smallholders and other land users, the ultimate beneficiaries of 

anticipated programs, in managing soil resources, a component so far neglected in soil 

carbon sequestration research. It assesses smallholder farming systems in dryland 

environments, farmers' specific decision-making processes with respect to land and soil 

fertility management, and how these relate to the design of potential carbon 

sequestration programs. By using systems analysis and insights from New Ecology as 

the guiding theoretical frameworks, the article advocates a new conceptualization of the 

linkage between carbon sequestration and poverty alleviation in drylands. 

INTRODUCTION 

In much of Africa, the driving force behind environmental policy is mitigation of 

environmental degradation. Carbon sequestration in soil organic matter is now 

perceived as a possible option to rehabilitate degraded agro-ecosystems while 

simultaneously contributing to the global carbon uptake through terrestrial sinks. 

Especially in drylands, where land degradation is seen as the major cause for declining 

soil fertility, dwindling agricultural outputs, and deteriorating livelihoods, carbon 

sequestration through land restoration is increasingly promoted as a win-win strategy 



(Lai, 2002a; Lai, 2002b). Although current carbon levels in drylands are relatively low 

and COi-fixing capacities rather modest (Batjes, 1999; Lai and Bruce, 1999), carbon 

offset projects in semi-arid regions offer potential global benefits through climate 

change mitigation as well as direct environmental, economic, and social benefits to 

small-scale, resource poor farmers inhabiting and cultivating these lands. 

So far, the main focus of soil carbon sequestration research has been on 

biophysical and technological factors. At the urging of national and international policy

makers in the climate change research arena and potential investors in the emerging 

carbon market to quantify, predict, and maybe also control future carbon stocks, the 

bulk of current efforts has been based on carbon measurements and modeling. The 

underlying aim is to better understand these crucial technical aspects prior to 

undertaking large scale carbon offset projects in dryland environments. This 

predominately technical perspective in carbon sequestration research is embedded in an 

overall notion of equilibrium thinking. Inherent to the principle of equilibrium dynamics 

is the assumption that environmental problems, including land degradation, can be 

remedied through right actions and better policies, and that people and nature can be 

brought back into balance in a predictable and sustainable way (Niemeijer, 1996). The 

now established language of carbon sequestration stems from this paradigm, drawing 

heavily upon notions such as reversing land degradation, best management practices, 

new steady states, maximizing carbon storage and potential, and the monitoring of 

annual sequestration rates. 
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Although thorough biogeophysical studies are vital to the design, 

implementation, and monitoring of carbon offset schemes, the broad managerial 

discourse surrounding much of today's debate is problematic. The fact that farmers, the 

ultimate agents and beneficiaries of anticipated programs, and the intricacies of their 

livelihoods' have so far received only limited attention, suggests a heavily skewed 

carbon agenda in which technical solutions are once again perceived as the remedy to 

the so-called African agricultural crisis. 

Embracing the growing recognition that socio-economic factors are at least as 

critical for assessing real project potential as technical parameters (Bass et at., 2000; 

Izac, 1997; Smith and Scherr, 2002), this article evaluates the prospects for carbon 

sequestration in dryland environments based on insights from livelihood studies. Its aim 

is to illustrate that drylands and the rural smallholders inhabiting them are very different 

from large-scale agricultural enterprises and forests in temperate, tropical, and boreal 

regions in which carbon sequestration projects already exist. The major peculiarities of 

dryland environments that are of relevance to carbon sequestration programs are 

presented in three interrelated arguments, reflecting areas of scientific consensus as they 

have been emerging over the last two decades. 

First, drylands are 'complex, diverse and risk-prone' environments (Chambers 

and Toulmin, 1991) in which smallholders, the main agents, rely on flexibility and 

adaptability to cope with continuously changing conditions. Smallholders, as described 

by Netting (1993), operate under conditions of scarcity and often, but rarely 

' Livelihoods are defined as the assets, capacities, and activities required for a means of living (Chambers 
and Conway, 1992). 



exclusively, depend on low-input and subsistence-based agriculture. In contrast to large-

scale farming operations that are driven by commercial goals, equipped with credit and 

efficiency-oriented technologies and covered by insurance systems against hazards and 

losses, smallholders use diversity and complexity to increase their resilience and reduce 

risk and vulnerability to shocks, stress, and crises (Collinson, 2001; Mortimore and 

Adams, 1999). In an environment where rainfall is scarce and variable and capital-

intensive irrigation not an option, farming is an opportunistic undertaking intended to 

avoid hazards and capture opportunities wherever and whenever they emerge. As 

described by Scoones et al. (1996b), dryland farming is 'the result of improvisation, 

experimentation, innovation and creativity', an adaptive response to short and longer-

term risks and shocks. According to Mortimore and Adams (1999), such adaptive 

responses follow three key avenues: 1) diversification of resource endowments to 

spread risk as efficiently as possible; 2) flexibility in day-to-day management of these 

resources in the form of active decisions to cope with and adapt to short-term 

variability; and 3) adaptability over the longer term, perceived as cumulative and 

purposeful decision-making that results in new or altered system or livelihood 

pathways. 

Second, drylands are not only complex and diverse, but also, or even primarily, 

they are non-equilibrium systems (Leach and Mearns, 1996; Niemeijer, 1996; Scoones, 

1999; Sullivan, 1996). There is increasing consensus among both physical and social 

scientists that principles of equilibrium dynamics implying a nature in balance, gradual 

or linear change, efficiency, and predictability, are hardly suitable for arid and semi-arid 



80 

agro-ecosystems. In the case of African agriculture, the non-equilibrium paradigm 

rejects the conventional assumption of a prior people-nature balance disrupted but 

fixable through appropriate systemic changes (Niemeijer, 1996). It also challenges the 

back-into-harmony solutions promoted through 'development narratives' (Roe 1991; 

Roe 1995) on environmental degradation and desertification, usually driven by neo-

Malthusian notions of over-population and exploitive and inappropriate resource 

management. Instead, drawing from insights from New Ecology (Rolling, 1986; Botkin, 

1990; Zimmerer, 1994; Gunderson and Holling, 2002), drylands are seen as intrinsically 

variable in both space and time, containing unpredictability and even chaotic change. 

Perceiving such transforming, but nonetheless persistent landscapes as a 'product of 

social and ecological history' (Leach et al., 1999) rather than an irreversible evolution 

towards a predetermined ecological endpoint, it becomes evident that their future can 

hardly be planned in any reliable, predictable way. In order to survive in such dynamic 

environments, rapid and flexible adaptation, innovation, and diversification are more 

effective than narrow specialization and optimization. 

Third, agricultural and biomass productivity as well as soil fertility and status in 

drylands, key parameters used in carbon sequestration research, are also highly diverse 

and dynamic. A more sensitive and holistic approach towards the monitoring and 

maintenance of soil fertility and productivity is required instead of relying on simple 

nutrient balances derived from input-output equilibrium ecosystem modeling. These 

usually offer only a snap shot perspective while overlooking micro-level diversity 



81 

(Scoones and Toulmin, 1999). The agrodiversity approach^, as promoted by Brookfield, 

(2001; Brookfield and StocMng, 1999), provides such a holistic perspective, taking into 

account non-linear dynamics, and spatial and temporal variation while stressing 

farmers' organizational and management diversity when dealing with biophysical 

diversity. The land/soil husbandry approach emphasizes farmers as key resource 

managers, the crucial backbone for integrating good practice into farming systems 

depending on specific local and individual conditions (Hudson, 1992; Pretty and Shah, 

1997; Scoones et ah, 1996b; Shaxson et al., 1989). 

Understanding the complex, diverse, and dynamic world of smallholders in 

dryland environments and taking it seriously is key to identifying and designing carbon 

sequestration activities that are both favorable to local farmers and the global society. 

This paper is an attempt to broaden the carbon sequestration debate by embracing non-

equilibrium dynamics, spatial and temporal variation, complexity, risk and uncertainty. 

I describe farming systems and household decision-making processes in the Old Peanut 

Basin of Senegal as they relate to the prospect of carbon sequestration, relying on what 

Batterbury and Bebbington (1999) call a cross-disciplinary and 'hybrid' research 

approach. Drawing from two case studies, I first illustrate two distinct pathways of 

agricultural and environmental change as they have been occurring within the farming 

systems of the research area. Then, using a systems analysis approach, I describe the 

various components that influence farmers' perceptions, choices, and decisions with 

^ Brookfield (2001) defines agrodiversity as "the dynamic variation in cropping systems, output and 
management practice that occurs within and between agroecosystems. It arises from bio-physical 
differences, and from the many and changing ways in which farmers manage diverse genetic resources 
and natural variability, and organize their management in dynamic social and economic contexts." 
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respect to soil fertility management. Finally, based on these insights, I propose a farmer-

centered approach to carbon sequestration in which carbon is viewed as an additional 

element in people's complex, diverse, and variable livelihood portfolios. I show how 

this approach leads to a reconceptualization of the ways in which carbon sequestration 

in drylands is considered. While a simplification of existing complexities might seem 

more expedient to potential carbon investors, primarily for the sake of measurement, 

monitoring, and verification, it would destroy the strength of the system they are 

claiming to improve. 

THE RESEARCH SETTING 

Description of the study area 

The study, part of the SOCSOM project^, was conducted in the West-Central 

Agricultural Region of Senegal, usually known as the 'Old Peanut Basin' (Fig. 1). This 

area is a gently undulating plain containing soils with large portions of aeolian material. 

The main soil types are luvic Arenosols, ferric Luvisols, and chromic Vertisols (FAO-

Unesco, 1974). Farmers distinguish between dior, deck, and ban.'^ Dior are soils 

common on former dune slopes and contain >95 percent sand and <0.2 percent organic 

carbon. Deck are hydromorphic with 85-90 percent sand and carbon contents of 0.5-0.8 

^ SOCSOM = Sequestration of Carbon in Soil Organic Matter, a carbon sequestration pilot project funded 
by USAID and implemented in collaboration with the Centre de Suivi Ecologique (CSE), the Institut 
Senegalais de Recherches Agricoles (ISRA). the EROS Data Center/USGS, Colorado State University, 
and University of Arizona. Research activities were carried out from 2000 to 2002 in three agro-
ecological regions, with emphasis on the 'Old Peanut Basin'. 

Local names (in Wolof) are in italics. 
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percent (Badiane et al., 2000a). Ban are similar to deck but are usually found along 

waterways and basins. 

The climate is semi-arid with annual precipitation ranging from 350-700mra, 

making this part of the country suitable for rain-fed agriculture. The rainy season 

usually lasts from July to September or October, although both spatial and temporal 

variation of rainfall are high and episodic crop failures well known (Fig. 2a and 2b). 

Over 90 percent of arable lands are used for cultivation, reducing forest 

resources to a bare minimum. Due to a long agricultural history and increasing 

population pressure, the natural vegetation, including woody species primarily from the 

families of Mimosaceae and Combretaceae, has become heavily degraded. Today, the 

major woody shrubs are Balanites Aegyptica (sump) and Guiera senegalensis (nger). 

The most common tree species are Acacia raddiana (seing), Acacia nilotia (nehneh), 

Acacia seyal (surur), Adansonia digitata (gui, or 'baobab' in Frenchj, and Faidherbia 

albida (kad). 

The Old Peanut Basin is known for its high population densities, ranging from 

120 to 225 inhabitants per km^ (CSE, 2000). Eighty-eight percent of the population 

identify themselves as members of one of two ethnic groups, the Wolof and Serer (CSE, 

2000). The variability of cereal production, mainly millet and sorghum, in the region is 

high, on average 45 percent, making rural smallholders vulnerable to fluctuations in 

precipitation. 
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Methodology 

Between December 2000 and December 2001, research was conducted in thirteen 

villages^, including three in-depth case studies, to assess the dynamics of local farming 

systems and prospccts for soil carbon sequestration in the Old Peanut Basin. The study 

area (Fig. lb) comprises a maximum of variation with regard to key variables such as 

soil types, ethnic groups, village size, location, prime agricultural activities, and land 

use/land cover change as reconstructed from remotely sensed imagery. Sample villages 

were selected using a stratified sampling design based on the above variables. In 

addition to the village-level research component, meetings with seven rural councils in 

the study area were held to discuss requirements for carbon sequestration programs. 

Finally, satellite images (Corona 1968, Landsat ETM+ 1999), aerial photography and 

videography (1989, 2001), agricultural statistics (1960-2002), and existing 

geographical ethnographies were used to complement the historical material. 

The methods used in the sample villages were highly participatory, including 

group discussions, focus groups, change matrices, agricultural calendars, Venn 

diagrams, the elaboration of territory maps, and an environmental performance with 

elementary school children. Quantitative data were collected through surveys at the 

compound/household and field level.® In order to minimize potential internal conflicts, 

individual fields and households participating in these surveys were selected based on 

stratified random sampling. This also raised people's interest and trust in the research 

' One village was selected as a 'test' village to experiment with and refine the research methodology. 
® In the Peanut Basin, farm production is organized at the compound level. A compound consists of one 
or more households. As described by Golan (1990), it is the head of the compound, who is also be the 
head of the (main) household, who allocates and distributes land between members of the compound, 
while management decisions are taken at the level of individual field managers. 
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activities. Moreover, primarily to meet farmers' requests, practical training sessions 

were held to clarify certain processes related to soil fertility and carbon management. 

Three local research assistants were trained before and throughout the course of the 

study. The various methodological tools are described in more detail elsewhere 

(Tschakert, forthcoming). 

FARMING SYSTEMS IN THE OLD PEANUT BASIN: 

AN HISTORICAL APPROACH 

General description of farming systems 

Major changes have occurred in the farming systems^ of the Old Peanut Basin since 

colonial times, the beginning of historic records. The most significant one is certainly 

the conversion of traditional food crops systems into a market economy driven mainly 

by the introduction of groundnuts as cash crops. In addition, the basin has experienced 

population growth, agricultural modemization supported by the newly independent state 

(increased access to credits for fertilizer, plows, and draught animals), and an overall 

decline of precipitation since the 1960s. Although, as pointed out by Seyler (1993), both 

the biophysical environment and cropping patterns in this part of Senegal are fairly 

uniform, this conversion has not been entirely homogenous. Clear differences can be 

^ Farming systems involve and rely on a complex interaction between people, land, crops, livestock, 
forage, and trees. Depending on their access and control over resources, farmers make decisions with 
respect to the distribution and allocation of these resources between the various components of the 
system. 



detected at the level of farming systems and their distinct modes of reaction and 

adaptation to both internal and external drivers of change. 

A shared characteristic of ail farming systems in the Old Peanut Basin is rain-

fed subsistence agriculture with emphasis on millet {Pennisetum typhoideum), 

groundnuts {Arachis hypogaea), sorghum {Sorghum bicolor), and cowpeas (Vigna 

unguiculata) as major crops, with high variation in annual yields and areas under 

cultivation. However, a distinction can be made based on the degree of intensification 

of the systems. Depending to a large extent on the ethnic group and its distinct types of 

land use and management practices, the scope of intensification ranges from extensive 

land use with significant fallow land to much more intensive farming where all land is 

under cultivation and there is a higher degree of integration between cropping and 

animal husbandry. 

It is important to stress that these two extremes are not predetermined stages 

along an axis of evolutionary change, driven largely by population growth, as suggested 

by Weber et al. (1996). They should rather be seen as examples of 'pathways' of 

agricultural and environmental change (Scoones, 2001) that can develop both between 

and within sites. Such pathways of change reflect farmers' livelihoods constraints and 

opportunities within a historical context and, as argued by Berry (1993), are neither 

'inevitable nor irreversible'. Two examples are described below. The Serer village of 

Ngodjileme demonstrates intensification and the Wolof village of Thiaytou the 

expansion pathway (see also Fig. 1). These divergent pathways clearly challenge the 

notion of a 'supreme (space and time invariant) subsistence pattern' (Niemeijer, 1996) 



as the optimal endpoint of predestined system evolution. Looking at such pathways 

through local histories allows understanding the complex interaction of social and 

environmental change and. thus, offers insightful perspectives for future land use and 

management options, in this case linked to carbon sequestration. 

Table 1 provides an overview of the basic characteristics of the two case study 

villages. They are fairly typical for the Serer and Wolof farming systems respectively, 

even though the village territory (terroir villageois) of Thiaytou is larger than that of 

most Wolof villages in the study area. While farming constitutes a major, if not the 

most important component of the two farming systems, smallholders in both villages, as 

in many other Sahelian villages, don't depend solely on working their land. They are 

also involved in animal husbandry and off-farm activities - trading, crafts, seasonal and 

long-term migration - which are all essential sources of income. The result is a mosaic 

of 'multi-enterprise rural household or production units' (Hunt, 1991) in which 

diversification of the resource endowment is a common practice to spread and, hence, 

reduce risks. 

Availability of land within village boundaries^, one of the key drivers of distinct 

pathways of change, is strikingly different between the two villages (Table 1, Fig. 

3a+b). However, the village territory is just one level of a whole hierarchy of systems 

(Hart, 2000). People from both Ngodjileme and Thiaytou cultivate fields located outside 

their respective territory and pursue other income generating activities as far as 400km 

^ The boundaries of the village territories were established with the help of one/two farmers per village 
and a Global Positioning System (GPS). The farmers of Ngodjileme had no difficulties indicating 
boundaries, mainly because all land is cultivated and most fields are delineated with a row of hibiscus 
plants. In Thiaytou, on the other hand, vast stretches of the village territory are unused and exact field 
delineations, especially in remote parts of the territory, are unnecessary. 
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away. Thus, an analysis of farming systems as a prerequisite for carbon sequestration 

programs requires an understanding of spatial connections and dynamics between rural 

communities and their surrounding world. I will describe these dynamics in the next 

two sections. 

The pathway of indigenous intensification: The case of Ngodjileme 

Ngodjileme is a typical Serer village in the southern half of the Old Peanut Basin (see 

Fig. lb), representing what Mortimore and Adams (1999) refer to as a process of 

'indigenous and adaptive intensification.'*^ This type of intensification has largely drawn 

from higher (local) labor inputs per hectare and low cost technologies rather than 

increased use of capital for inorganic fertilizer, irrigation, and modem agricultural 

equipment. Similar examples of indigenous intensification for other parts in the Sahel 

are described in Brookfield (2001) and Mortimore and Adams (1999). 

Until the 1960s, as described by Pelissier (1953; 1966), the central Serer land 

was characterized by a 'healthy' agricultural system, maintained by a highly egalitarian 

and acephalous peasant population with exceedingly well developed farming 

techniques. Based on a systematic integration of croplands, fallow, pasture land, village 

herds, and relatively dense Faidherbia cilhida (lead) stands, anthropogenic 'farmed 

parklands', the Serer were able to maintain a sustainable farming system despite their 

' Intensification, as defined by Tiffen et al. (1994), implies 'increased average inputs of labor or capital 
on a smallholding, either on cultivated land alone, or on cultivated and grazing land, for the purpose of 
increasing the value of output per hectare'. Brookfield (2001) and Stone (2001) also stress the importance 
of management skills with respect to the organization of labor and resources. 



high population densities."^ Groundnuts, a commercial crop introduced by the French, 

were incorporated into the farming system without disturbing the overall structure or 

jeopardizing the primary role of the main food crop, millet (Stomal-Weigel, 1988). 

Farmers in Ngodjileme recall this period as 'temps heureux' (good times), with 

fallow/pasture land amounting to 40 percent of their village territory, large herds, 

satisfactory rainfall and yields as well as high diversity and density in trees. However, 

farmers also remember intermittent periods of disease and famine, triggered by droughts 

in 1914, 1918,1945, and 1955. 

Major changes in the Serer farming system came about in the mid/late 1960s. 

First, there was a substantial expansion of land under cultivation as a result of both 

increased population densities and agricultural modernization promoted by the 

government ('Programme Agricole'), with subsidies for chemical fertilizer, selected 

seeds, plows, and draught animals. Simultaneously, fallow and pastureland declined 

progressively, a process reinforced by the droughts from 1972 and 1977 (Lericollais, 

1972) and a new law on land tenure ('LDN')." Farmers began grazing their herds on 

more distant pastures during the cropping season. This period has been portrayed as a 

'disequilibrium between people and resources' (Gastellu and Delpech, 1974) and an 

'impoverishment and simplification of the farming system' (Gastellu, 1988). 

Nevertheless, and unlike elsewhere in the Sahel, the large majority of Serer farmers 

refused to migrate (Couty, 1972). In Ngodjileme, people emphasized good yields due to 

Pelissier (1966) reports a maximum of 75-85 inhabitants per km^. 
" The LDN (Loi sur le Domaine National) was officially introduced in 1964 and complemented by other 
laws and decrees later on, including the 1997 Law on Administrative Decentralization. One of the early 
consequences of the LDN was that farmers, fearing to lose unused land, cultivated more than needed. 



chemical fertilizer and tillage during the onset of this period, but also recalled the first 

signs of soil fertility decline as a result of reduced fallow and organic matter inputs. 

The next significant change in the Serer farming system occurred in the mid 

1980s, triggered mainly by the disengagement of the state under the 'Nouvelle Politique 

12 Agricole.' With the removal of state subsidies for agricultural inputs, farmers saw 

themselves forced to expand their cropping lands even more in order to ensure 

sufficient production. The droughts from 1982-84 finally provoked a true crisis, known 

all over the Peanut Basin as 'becor', dearth in all possible meanings of the word. Trees 

were cut or died, resulting in a 'desertion' of the Serer parklands (Lericollais and 

Waniez, 1993) while many of the remaining animals succumbed and agricultural 

equipment, especially plows, carts and seeders, were sold in exchange for food. 

More or less at the same time, however, a third pathway of change became 

apparent. According to Garin et al. (1990) and Lericollais and Faye (1994), a veritable 

integration of agriculture and animal husbandry emerged as the corner stone of an 

indigenous intensification process. With no more fallow and pasture land available, 

Serer farmers switched from herding to animal fattening. Over time, significant 

amounts of manure became available from penned animals and were added to 

impoverished fields. All agricultural residues were collected from the fields and fed to 

the animals. For the first time, Serer farmers also used household waste to fertilize their 

fields. The increase in the use of recycled organic matter helped to compensate for the 

losses of manure due to transhumance, theft, and death of herds. Yields increased again 

The 'Nouvelle Politique Agricole' was part of a structural adjustment package adopted in 1984. 



and degradation no longer seemed as serious as once had been feared (Garin et a!., 

1990). 

Farmers in Ngodjileme confirmed this trend. As they adapt to stress and shocks 

over the long run and new or altered pathways emerge, farmers' portfolios of 

management practices changc as well. As illustrated in Fig. 4, practices involving 

manure, compost, household waste, tree planting, and euphorbia fences have replaced 

fallowing and tillage. In 2001, not even a single plot out of the 75 investigated as part of 

a household survey was in fallow. Most of these new practices have been encouraged, 

and partially also financed, by extension agents and non-governmental organizations in 

the area. Stubble grazing, millet-groundnut rotation, and mulching are still practiced, 

although to a lesser extent, due to a combination of land scarcity, insufficient state 

credits for seeds, and competition for agricultural residues as animal fodder. 

It should be stressed, however, that this most recent evolution of the Serer 

fanning system, as witnessed in Ngodjileme, would not have been possible without a 

parallel release in population pressure to other agricultural zones or to urban areas 

(Lericollais et al., 1998, Pontic and Lericollais, 1995). The seasonal migration of men 

and women during both the dry and the cropping season has widened the Serer farming 

system. Contrary to what was previously perceived as a strong attachment of Serer 

farmers to their land (Gastellu and Delpech, 1974), smallholders in this area today are 

increasingly mobile without, however, losing ties to their social networks. Migrants 

contribute significantly, both economically and socially, to village and household 



activities. As expressed by one farmer, 'a poor household is one that does not count a 

single emigrant.' 

Example of an expansion pathway: The case of Thiaytou 

The pathway of Thiaytou, a village located in the center of the old Wolof land, the Baol, 

looks very different from the one described for Ngodjileme. Although directly adjacent 

to the north of the Serer country (see Fig. 1), with a distance of only 35 km between the 

two case study villages, the Baol receives clearly less rainfall and also has lower 

population densities. Moreover, Wolof farmers have been known throughout their 

history for their mobility and expansionism. Pelissier (1966) even argued that this weak 

attachment to their land prevented the Wolof farmers from developing sustainable soil 

fertility management practices in situ and a more intensive form of agriculture. 

In contrast to Serer farmers, the Wolof adopted groundnuts as a new cash crop 

much more readily. This did not only result in a rapid monetarization of their economy 

(Gastellu, 1981) but also in a significant change of their farming system. The spread of 

Islam and the growing influence of the mouride brotherhood'^ among Wolof farmers 

during the first half of the 20"^ century certainly accelerated if not initiated this change. 

Mouride taalihe (disciples), impelled by the devotion to their marabouts (religious 

leaders), cleared new lands to implement agricultural and religious communities 

(daara), with groundnuts as the driving force of an emerging market economy. By 

1885, 25,000 tons of groundnuts were produced on mouride land (Pelissier and 

There are four Sufi Muslim brotherhoods in Senegal, the Mouride and the Tidjane being the largest. 



Laclavere. 1984). Half a century later, groundnuts dominated the Wolof farming 

system, and this at the expense of millet, fallow land, forests, and soil preservation 

measures (Pelissier, 1966). While Serer farmers still held on to their integration of 

crops, fallow, animals, and parklands, the Wolof relied exclusively on fallowing to 

restore soil fertility, which, on the sandy soils of the Baol, proved inadequate. 

According to Pelissier, Wolof farmers showed only limited interest in livestock raising 

and tree protection. In most cases, animals were entrusted to nomadic Fulani (peul), and 

contributed to organic matter input by happenstance rather than efficient design. 

Pelissier concludes that excessive emphasis on groundnuts combined with the quasi-

eradication of forests and the lack of systematic nutrient replenishment resulted in a 

severe degradation and a 'depressing monotony' of the Wolof environment. 

This strong focus on groundnuts also explains the eagerness with which Wolof 

farmers subscribed to the state's 'Agricultural Modernization' program, keyed toward 

increased production and yields of the country's most lucrative cash crop. Unlike the 

majority of Serer farmers who, at least at the beginning, were reluctant to invest in 

groundnuts, the Wolof readily signed up for governmental credits for animal traction, 

improved seeds, and mineral fertilizer. Hence, technical progress but also indebtedness 

occurred fairly rapidly in the Wolof Baol (Couty, 1972; Roch, 1972). Farmers in 

Thiaj^tou recall cultivation on large portions of their territory within a short period of 

time due to the new equipment, but also insufficient training on how to use it properly. 

The impact of declining rainfall, the droughts, and the government's 'Nouvelle 

Politique Agricole', combined with falling prices for groundnuts on the world market 



and dwindling soil fertility, all contributed to the next change in the Wolof farming 

system. By the late 1980s, the northern part of the Peanut Basin has become the 

'epicenter of rural exodus' (Badiane et at, 20(X)b). The Wolof mobility, reaching new 

dimensions, resulted in a socio-economic expansion first within and then beyond 

Senegal's borders. Although the Serer have, out of necessity, broadened their socio

economic space as well, it can hardly be compared to this new wave of Wolof 

expansionism. Many, primarily young men, left their villages to engage in small 

businesses, from Dakar to Marseille and New York to Singapore (Ebin, 1993), leaving 

behind a severely reduced agricultural work force. This new Wolof mobility drives on 

the most recent icon of mouride history, the Moodu-Moodu (Copans, 2000), the small-

scale merchant originating from rural areas, primarily the Baol. Now, "the mouride 

brotherhood 'surfs' the Moodu-Moodu economy like it used to 'surf' the economy of 

groundnuts (...)" (Copans, 2000). No longer is the Wolof farming system shaped by the 

'marabouts de I'arachide' (Copans, 1988) nor by their taalibe in search of new land, but 

by the businessmen who bring back cash, both to their native villages and the holy city 

of Touba, the center of mouridism. 

The village of Thiaytou is a good example of the most recent dynamics within 

the Wolof farming system. The most striking change is the increase in fallow land since 

the mid 1980s.''^ In 1999, nearly half of the village territory was in fallow (see Fig. 3a). 

Although local farmers state that they have always had more fallow land than 

surrounding villages, this recent increase confirms the general trend. Large chunks of 

The aerial photograph of 1989 shows approximately 40 percent of fallow land. 



fallow land in Thiaytou belong to the village's influential marabout who has opted out 

of agriculture and now lives next to Touba.'"^ At least four entire village compounds 

have moved to Touba as well. To date, there are seven neighboring villages, including 

Thiaytou, that participate in a rotational intra-village fallow scheme. Farmers cultivate 

fields from departed relatives while giving their own land a rest. More than 20 

households in Thiaytou have obtained fields outside of their territory, mainly through 

free loans. In 2001, every household in the village had at least one field left in fallow. 

Although such a rotational fallow scheme seems unique in the Peanut Basin, the 

increase in fallow land, inconceivable ten years ago, is now unmistakable in the central 

Baol. 

In terms of current management practices (Fig. 5), the abundance of land offers 

possibilities that simply do not exist in Ngodjileme. In addition to fallowing, practiced 

in Thiaytou for 1-15 years and by preference on remote fields, stubble grazing and 

common summer pastures (djatti) underline the expansionist pathway of change. The 

village counts twelve herds of cattle, one half belonging to Wolof and the other half to 

Fulani. Because of the availability of sufficient land and a deep bore well, transhumance 

is not necessary. Thus, animals can contribute to a more continuous flux of organic 

matter input. However, animal thefts constitute a severe problem. Animal fattening, 

previously of low priority in the Wolof farming system, is becoming increasingly 

Several influential marabouts now look for new lands farther south. There is justified concern that the 
same degradation process as witnessed in the Old Peanut Basin will be replicated in other parts of 
Senegal. 
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important as an income-generating activity, which confirms Stomal-Weigel's (1988) 

findings from another Wolof village in the area. 

Despite these spatial advantages, or maybe even because of them, a well-

designed and more systematic use of organic matter inputs is missing. Given the larger 

field sizes and land holdings per household compared to those in Ngodjileme, manure 

in Thiaytou is used by preference on fields that are under continuous cultivation, 

mostly adjacent to the settlements (infields or tol ker) and others in close proximity. In 

only one case is it spread on fallow land, although farmers agree that simple, short-term 

fallow (without external inputs) does not restore soil fertility. Weeding and harvest 

activities occur with less intensity while more agricultural residues are left on the 

fields. The use of household waste and compost is less common than in Ngodjileme, 

and planting trees is almost a non-issue. 

These two examples illustrate that a context-specific approach based on multiple 

pathways of change offers a useful entry point for future carbon sequestration schemes. 

It allows a first evaluation of anticipated management practices that might be most 

realistic within a research area, given the current state of its farming systems. In a next 

step, project design should take into account local decision-making processes, ideally at 

the household level, and finally evaluate concrete opportunities to encourage positive 

pathways on a larger scale. The latter two are addressed in the remaining sections of this 

paper. 



PERCEPTIONS, CHOICES AND DECISION-MAKING: 

MANAGEMENT OPTIONS AT THE HOUSEHOLD LEVEL 

The pathways of change described for the two farming systems, intensification and 

expansion, have to be seen as broad patterns within which variation is to be expected. 

Not all farmers within a farming system adapt to changes in the same way nor do they 

have the same means, knowledge, and preferences on which to base their decisions. The 

next objective, thus, is to unravel such heterogeneity among target groups and to 

understand the various components that determine the choice of current management 

practices as well as the potential for adopting alternative strategies. For this purpose, a 

systems perspective is needed. The ideal unit of analysis for such a systems approach is 

the household or compound level at which all decisions regarding land use and 

management are taken. Focusing on the household as the central social institution of 

smallholder agriculture (Netting, 1993) allows better understanding of specific decision

making processes within the context of a 'local political ecology' (Warren et ah, 2001). 

Fig. 6 depicts a conceptual framework with the various components that need to 

be taken into account when linking soil management to people. Farmers' choices and 

actual decisions are influenced by perceptions. These perceptions, in turn, are shaped by 

a household's resource endowment, incentives, local knowledge, and the status of a 

farmer's primary farm resource, his land. Options for action usually embrace 

diversification of income sources at the village level, changes in land and soil 

management, and migration. All three cause feedbacks that, again, shape perceptions. 
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The advantage of such a systems perspective for assessing the potential for 

carbon sequestration in dryland farming systems is threefold: 1) it facilitates 

understanding of main differences and similarities among households and groups of 

farmers; given the various factors that can influence decisions with respect to 

management strategies, it is highly unlikely that all project participants will be able or 

willing to use the same practice at the same time; 2) it allows identification of those 

system's components that are most/ least beneficial to management improvements; this 

will indicate where positive reinforcement or modifications might be necessary; and 3) 

combined with an historical analysis, it helps to distinguish which components of the 

system are most variable and how this variability impacts decision-making; the 

likelihood that the same farmer will reach the exact same management decision twice is 

low. By examining resource endowments, local knowledge as well as policy and 

institutional incentives, as assessed through household surveys and group discussions, 

the following subsections will shed light on these points. 

Resource Endowment 

To capture variation between individual households, a participatory wealth ranking was 

conducted in three villages within the study area, including Ngodjileme and Thiaytou. 

Table 2 lists the various criteria farmers defined for poor, medium, and rich compounds 



as they are perceived at the local level/® Clearly, for smallholders in a risk-prone 

environment, wealth is more than just ready money. 

The results from in-depth household surveys confirm the criteria as defined 

during the wealth ranking. In terras of land resources (Table 3), rich households in both 

Thiaytou and Ngodjileme have clearly more land at their disposal than poor households 

while the medium wealth group ranks in the middle. Whereas both villages have more 

or less the same number of fields per household, field sizes, at least in Thiaytou, tend to 

be larger for richer households than for poor and average households. 

In terms of labor and agricultural equipment, differences between the two 

villages are less obvious. On average, the total number of household members is 

slightly higher in Thiaytou (36.5) than in Ngodjileme (32.7), just as the number of 

adults and children present at the time of the survey (7.6 and 7.3 compared to 5.3 and 

5.8). On the other hand, households in the Serer village show a slightly higher average 

of adults working outside. However, none of these differences are statistically 

significant. As expected, rich and average households also tend to have a larger labor 

force than poor ones. Given the larger labor and land resources in the Wolof village, it 

is not surprising that their endowment in agricultural equipment is slightly larger as 

well. Averages for He/'', hoes, and seeders, the main fields tools, amount to 7.2, 2.0, 

and 1.8 respectively compared to 6.6, 1.0, and 0.8 in Ngodjileme. Again, rich 

households are better equipped than poor households. However, a complete set of 

Farmers emphasized that not all the criteria had to be fulfilled to fit in one or another wealth category. 
For instance, one compound might have a significant amount of land and/or remittances but no animals at 
all and still qualify for the category 'rich compounds." 

The Her is an arrow-shaped piece of metal attached to a long stick used for various field activities. 
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agricultural equipment was reported in only one out of 146 compounds, and functioning 

plows only in two. Thus, superficial or reduced tillage, one of the improved 

management practices promoted for carbon sequestration in drylands (Batjes, 2001), is 

already practiced by the majority of smallholders in the Old Peanut Basin, although 

more as a virtue of necessity than conviction. As for carts, the main means of 

transporting crops, residues, weeds, organic matter, and other inputs from and to the 

fields, only rich households usually have at least one. Half of all other households don't 

own a cart, which was identified as one of the main obstacles to better soil fertility 

management, especially on remote fields. 

Comparing animals between villages and households is problematic, especially 

because of the large variation on both levels. As illustrated in Fig. 7, rich households 

tend to have more animals (in the form of herds), even more so in Thiaytou than in 

Ngodjileme, which, given the available land resources, is understandable. As defined in 

the wealth criteria, poor households usually have no oxen. The number of small 

ruminants seems to increase along with other wealth parameters, but there is no 

consistency across households. In all, it is quite evident that the amount of manure that, 

at least theoretically, could be produced per household and used as organic matter input 

is highly variable. 

Finally, capital resources per household were compared. Fig. 8 shows the annual 

amount and sources of income for the three wealth categories in Ngodjileme and 

Thiaytou. The large variation, especially with respect to sources of income, confirms 

diversification as a means of reducing risk within smallholder farming systems. 
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Revenues from crops are generally low, ranging from <1-20 percent for poor 

households, 1-41 percent for medium households, and <1^9 percent for rich 

households. Income from animals, including cash from animal fattening, is of 0-70 

percent for all wealth categories. Remittances constitute an important source of income 

for most households, independent of the wealth status.^^ Overall, mean annual revenues 

in the two villages in 2001 amounted to $544, $1,214, and $2,245 for poor, medium, 

and rich households respectively. Expenditures are just as variable, ranging from $200 

to $5,000 per household. Money spent on food varies between 27 percent and 77 

percent of all expenses, with higher proportions among poor households. More than half 

of all households showed a negative balance, which indicates that debts among farmers 

are fairly widespread.'^ 

Farmers' theories and understanding of soil fertility 

In addition to farmers' resource endowment, their knowledge base shapes perceptions 

and, thus, choices and decision-making. Recently, there has been a noticeable shift in 

focus among soil scientists from local soil classifications and taxonomies to a more 

dynamic approach of soil husbandry and fertility management (Adegbidi et ah, 1999, 

Mazzucato and Niemeijer, 2000b). However, most of these studies focus on whether or 

not smallholders are aware of fertility losses and degradation and, as a consequence, 

capable of perceiving adequate solutions. Equally, if not more important, especially for 

Remittances are likely to occur in all households, but are sometimes subject to underreporting. 
" Another reason for budget imbalances are over/underreporting of cash flows. Budgets were established 
on farmers' recollection, both men and women, and not through (observational) bookkeeping. 
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the purpose of carbon sequestration, is to comprehend farmers' theories regarding the 

origin of soil fertility. Once these local theories are understood, it is easier to introduce 

or emphasize the element of carbon to local stakeholders, an element that, after all, is 

neither visible, nor touchable, nor smellable, but presumably beneficial to everybody. 

Smallholders in the Old Peanut Basin perceive .soil fertility primarily as doole, 

some kind of intrinsic force or strength. There is a general consensus that this force 

stems from saletes, translated as 'dirt', a generic term used for various types of organic 

matter inputs in the soil. These include animal droppings, manure, decomposing leaves, 

branches, agricultural residues, ashes, household waste, and other ndjame-ndjame 

('ingredients') that make soil look dark and dirty. According to local theories, such 

'dirt' contains 'vitamins', the essential elements of good food, and hence soil.^° 

Although farmers are unaware of the origin of these 'vitamins', they agree that they are 

contained in leaves, roots, and specific trees, and that soils with more 'dirt' and 

'vitamins' also have a better taste (djafka) than poor soils.^^ Only few farmers know 

other elements (femiente), such as nitrogen, potassium, and iron, that contribute to the 

strength of soils. Nitrogen is believed to be in Faidherbia albida {had), primarily in 

leaves. Leaf fall, then, is assumed to increase crop production underneath these trees, 

especially for millet. 

^ One woman explained the notion of 'vitamins' as follows; "Some soils are strong because they eat a lot 
of laax (thick millet porridge) whereas when soils don't eat correctly, they become weak and sick like 
people who can only be fed with rouy (light millet porridge)." 
' As stated by one farmer, "a good jeh u jenn (national dish with rice and fish), prepared with a variety of 

appetizing ingredients, is tastier and, hence, more appreciated than a bowl of rice prepared with no 
spices." 
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While farmers' knowledge is highly empirical, based on daily observations in 

the fields, there is a serious lack of understanding of the very processes that occur inside 

the soil. During decades of extension work and the state's agricultural modernization 

programs with campaigns for mineral fertilizer and rock phosphates, local smallholders 

were trained to use technical innovations but never received proper explanations as to 

their basic nature. For instance, the vast majority of farmers are unaware of the meaning 

of NPK and the various numbers printed on fertilizer bags, let alone the function of 

these elements for soil improvement. Yet, the interest farmers show in new technical 

information on soil fertility management, especially if offered as the missing link within 

their own body of knowledge, leaves much room for the successful introduction of 

carbon sequestration programs. 

Contrary to processes related to the origin of soil fertility, farmers are certainly 

well aware of those resulting in degradation and fertility losses. The three most often 

cited causes for fertility decline are: 1) continuous cultivation without external inputs or 

crop rotation; 2) reduction of protective vegetation cover and exposure of soil organic 

matter as a result of tree removal, deep tillage, and too short fallow periods; and 3) bush 

fires and harmful insects. Accordingly, farmers' preferred options to restore soil fertility 

are crop rotation, increased use of organic matter, either as external inputs or internally 

recycled, and accumulation of vegetative cover, primarily through long-term fallowing 

and increased tree density. Table 4 illustrates all practices farmers in the research area 

use, more or less frequently, with distinct preferences for crops, soils, and fields. 
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To date, no differences in knowledge appear to exist between Serer and Wolof 

smallholders. This confirms Seyler's (1993) observation that the discrepancies Pelissier 

described in the 1960s are disappearing. In fact, the practices farmers recommend as 

most efficient for soil fertility management are identical in both study villages (cow 

manure from stubble grazing and corralling, rotation of grazed fallow and crops, 

manure from penned small ruminants and, in Ngodjileme, also the planting of had 

trees). Whatever practices individual farmers eventually choose depends thus mainly on 

external incentives, a household's resource base, and the resource status, as depicted in 

Figure 7. Given the dynamic nature of the farming systems in which these factors are 

embedded, smallholder cultivation in drylands remains a 'live performance' (Richards, 

1989). 

Using farmers' knowledge as an entry point for carbon sequestration activities 

offers at least two advantages. First, it adds what Rhoades (1994) calls 'realistic holism' 

to an otherwise mostly technical feasibility study. Who else might be in a better position 

than farmers who have transformed their landscapes into 'mosaic(s) of high and low 

fertility' (Scoones, 2001) to point out the real complexity on the ground? Second, it 

provides new opportunities for a more participatory approach of problem solving that, 

in contrast to many pre-defined agronomic packages, has a greater potential to succeed 

in the long run. 
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Incentives 

Among the most important incentives that shape farmers' perceptions with respect to 

land management in the Old Peanut Basin are agricultural and environmental policies, 

land tenure arrangements, and social networks. For the purpose of carbon sequestration 

programs, ideally envisioning the participation of large numbers of smallholders over a 

vast area of land , supportive national policies will be indispensable. Since relevant 

agricultural policies and land tenure systems have been described elsewhere (Gaye, 

2000; Lo and Dione, 2000), the focus here is on farmers' current perceptions and use of 

credits, governmental extension services, and the statutory law on land tenure as they 

relate to management decisions and the design of potential carbon offset activities. 

Throughout the research area, farmers deplored the lack of state support for the 

purchase of animals, fodder, and agricultural equipment since the 'Nouvelle Politique 

Agricole'. They stressed that new credits, if made available, should have a payback time 

of ten years and be channeled through a village committee selecting eligible candidates. 

As for agricultural inputs, the new government under President Wade finally 

reintroduced credits for groundnuts and fertilizer in 2000. However, seeds often arrive 

too late in the cropping season, the distribution is uneven, and, most problematically, 

producer prices set by the government are not known at the time farmers sign up for 

credits."^ 

^ Batjes (2001) estimates that 20,000-40,000 ha of suitable land would be needed in Senegal to sequester 
100,000 tons of carbon over 25 years. This would mean the participation of 5,000-20,000 smallholders. 
^ In May and June 2001, farmers received 150 kg of groundnuts seeds per head of household at the price 
of CPA 175 ($0.26) per kilo. It was only in August that the government announced that it would buy 
farmers' harvest at CPA 120 ($0.18) per kilo, which, for most smallholders, meant serious losses. 
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Most smallholders in the study area stated that, for at least 20. years, no 

extension agent had found his way to their village, resulting in outdated knowledge and 

missed opportunities for more effective management practices. The impact of a new 

extension service^"*, launched in 1999, has so far been negligible. Governmental 

reforestation campaigns are perceived as infrequent and poorly planned, uninformed of 

farmers' preferences, and without the necessary follow-up. 

As for land tenure arrangements, now considered highly critical for development 

programs, a flexible approach is needed. The current law on land tenure {Loi sur le 

Domaine National, LDN), set in place in 1964 and later complemented by other laws 

and decrees, provides farmers with usufruct rights but no titles to land. Key elements of 

the customary tenure system, such as rental agreements, mortgage, and set-aside lands, 

were considered obstacles to agricultural and economic development and, thus, 

prohibited by the LDN (Lo and Dione, 2000). Loans and fallowing became limited to a 

one-year period, otherwise usufruct rights could be withdrawn and reallocated through 

Rural Councils. However, the LDN has been applied unevenly and incompletely 

(Golan, 1994) and, so, customary tenure arrangements persevere, although slightly 

modified. 

The research results suggest that the degree to which the LDN is enforced and to 

which it impacts management decisions depends on 1) population density, and 2) the 

strength of social ties. In the highly populated Sercr country, the LDN is omnipresent. 

As expressed by farmers, it has undoubtedly contributed to the decline of fallowing. 

^ ANCAR (Agence Nationale pour le Conseil Agricole et Rural). 
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Free loans have become strictly limited to one year or disappeared altogether for fear 

that fraudulent borrowers will claim legal rights to temporary fields. As a consequence, 

land transactions have become more secretive, a matter of trust and tight social ties. In 

Ngodjileme, at least % of all lands are obtained through officially prohibited rental and 

mortgage agreements. In contrast, in communities with sufficient land resources, the 

LDN is enforced rather loosely, if at all. Several times, farmers in Thiaytou stated that, 

in their area, the law simply did not exist. Both free loans and fallowing continue on the 

basis of customary arrangements. Depending on individual needs, loans range from 1-

30 years and fallow periods from 1-15 years. It is also, or even primarily, the 

persistence of this customary system that gave rise to the intra-village rotational fallow 

scheme, as described earlier. Transactions involving money seem unnecessary while 

gifts to poor households are quite common. Table 5 summarizes land transactions as 

observed in the two sample villages. Overall, the LDN might have undermined tenure 

security in the Old Peanut Basin (Golan, 1994), on the other hand it seems to have 

contributed to a consolidation of social networks, as described by Mazzucato and 

Niemeijer (2000a) for Burkina Faso, allowing a more creative and flexible way of 

accessing land resources. 

The ultimate question is whether or not today's tenure systems, formal and 

customary, encourage land stewardship and sound soil management practices. Contrary 

to the widespread belief that sustainable agricultural production in Africa necessarily 

requires a secure title to land (Kessler and Breman, 1995), farmers emphasized that the 

right to pass on land to their heirs was sufficient to invest in good management. The 
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results from field surveys indicate no significant difference in management among plots 

held by managers with 'secure' (usufruct) and 'insecure' (time-limited) rights, which 

confirms Golan's (1990, 1994) results from the same research area. However, farmers 

in both villages felt reluctant to use practices with long-term effect (stubble grazing, 

manure, compost, tree planting) on fields that were available to them for only one year. 

Overall, land transactions are viewed as a crucial tool for efficiently distributing 

land resources among farming units and, thus, for adapting to local conditions in a 

highly flexible way. As stressed by Zeeuw (1997), such transactions, especially if they 

are long-term, encourage rather than prevent farmers from investing in land 

improvements. Therefore, recent attempts to launch land privatization in Senegal in 

order to reduce supposedly abusive management practices {Le Soleil, January 14, 2001; 

Dia and Sonko, 2000) have to be viewed with caution. The concept of 'tenure security', 

as perceived by smallholders, including long-term, legalized transactions and fallow 

periods, might be more secure and more sustainable than the registered titles envisioned 

by policy-makers. 

Management practices: From perception to action 

What management practices smallholders finally use to improve soil fertility on their 

land is directly linked to their specific resource endowment, their knowledge, their 

perception of incentives, and the specific conditions as observed in individual fields. 

Fig. 9 shows the various types and quantities of inputs used in the sample households of 

the two villages. Although overall amounts of inputs, particularly manure and fertilizer. 
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are higher in Ngodjileme than in Thiaytou, reflecting the intensification versus 

expansion pathway, variation exists within both sites. Total organic matter inputs range 

from 0-4000 kg ha~' while the use of mineral fertilizer ranges from 0-300 kg ha ', 

which is twice the recommended dosage. In terms of labor input, farmers in the Serer 

village do not only spend considerably more time on millet and groundnuts per hectare 

(hours/ha), but also more time per adult equivalent (AE) per hectare, which also 

confirms the intensification pathway. Finally, households in Ngodjileme report millet 

yields varying from 55-260 kg per person per year while those in Thiaytou range from 

10-70 kg per person per year. For groundnuts, the respective yields are 0-165 kg and 

3-212 kg, both per person per year. 

However, all these numbers are averages, masking the differences that exist 

between fields of one and the same household as well as interannual differences. As 

stressed by Mortimore and Adams (1999), opportunistic farming is all about spreading 

risks, an adaptive process during which both losses and gains occur, often intentionally. 

Fig. 10 provides an example of such risk spreading as reflected in the spatial variation 

of management practices. In 2001, all millet fields of the sample household received 

manure, mineral fertilizer, stubble grazing/corralled animals or a combination of these 

three, while groundnuts fields, except for one, did not benefit from any inputs. Yet, the 

head of household rotates millet and groundnuts annually and each field is stubbie 

grazed every other year. In Thiaytou, where land is more abundant, rotational cycles 

usually also include fallow periods. 
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For those who approach carbon sequestration from a modeling perspective, this 

patch-by-patch management, with often large variations in inputs from year to year, is 

troublesome. Most carbon simulations that, inter alia, predict storage potential and new 

steady states are based on the assumption that one parcel of land benefits from the same 

improved management practice for the duration of an anticipated project, usually 20-25 

years. From a farmer's perspective, this assumption is clearly flawed. Concentrating all 

efforts and often scarce resources on one or two fields at the expense of all others would 

undermine farmers' highly dynamic and diverse adaptive mechanisms and, as a 

consequence, increase their vulnerability to risk. As expressed by Mortimore and 

Adams (1999), pure 'efficiency would leave no room for flexible manoeuvre'. 

A FARMER-CENTERED APPROACH TO CARBON SEQUESTRATION 

The focus on farming systems and household decision-making processes provides an 

opportunity for reconceptualizing carbon sequestration in dryland agricultural 

environments as a potential avenue for poverty alleviation. The case studies from the 

Old Peanut Basin in Senegal show that smallholder farming systems are indeed 

complex, diverse, and dynamic, following multiple pathways of agricultural and 

environmental change. Given the multidimensionality and uncertainty of such systems, 

predictable and controllable action through carbon sequestration programs seems highly 

unlikely, if not impossible. As argued by Niemeijer (1996), any attempts to restore or 

construct an imaginary balance in a non-linear environment is not only bound to fail, 

but also counterproductive, since it undermines the very dynamics of the system in 
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question. Moreover, this study suggests that the dualistic notion of 'traditional' versus 

'modern' or 'improved' management practices, as perpetuated by today's carbon 

discourse, is misleading since it obscures practices and goals that farmers have been 

continuously revising and adapting in the light of altered conditions. Consequently, 

environmental sustainability should be seen as an intrinsic component of farmers' 

adaptable livelihoods rather than a vital goal to be achieved at the end of a project. 

Finally, this study demonstrates that smallholders, although resource-poor as a whole, 

do not constitute a homogeneous mass that can be easily regrouped into an aggregate of 

local carbon managers with equal expectations and opportunities. 

These general lessons indicate options for a farmer-centered approach to carbon 

sequestration in drylands, viewing carbon as an additional element in people's 

livelihood portfolios rather than a technical venture detached from local social contexts. 

The specific implications these lessons have for research and design of relevant 

programs in drylands are summarized in Table 6 and explained in detail in the following 

six points. 

First, a narrow focus on blueprints of best management practices, expected to 

yield a certain amount of carbon after a certain period of time, is likely to fail. As 

expressed by Niemeijer (1996), 'in dynamic environments the survivors ar? those that 

rapidly adapt, not those that specialize too narrowly.' Thus, development programs, and 

not just carbon sequestration programs, should support dynamic and diverse behavior 

by offering a basket of management choices and technologies from which farmers can 

choose depending on individual needs and adaptive strategies. Costs, benefits, and 
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carbon sequestration potential of all feasible management practices can be assessed and 

discussed with potential project participants (Tschakert, 2002). Farmers with diverse 

and flexible strategies will not only be in a better position to spread risks and adapt to 

changing conditions, they will also enhance the resilience of their resource management 

systems (Brookfield, 2001). Moreover, spreading risks through a bundle of management 

practices can be as beneficial to investors as to farmers. There are enough examples of 

large-scale, uniform management schemes that have ended as failures. 

Second, assuming such a basket of choices to be used by different farmers on 

different fields at different times, it might not be appropriate to track short-term carbon 

fluxes. Whether or not farmers' management practices add to the carbon pool and, as a 

consequence, contribute to the overall sustainability of the system, will require a much 

longer time frame for monitoring and measuring and, as suggested by Niemeijer (1996), 

a new operat ion a! ization of the concept of sustainability itself. Carbon content and soil 

fertility could be measured at the end of a management sequence; for instance four 

years of fallow and six years of crop rotation, as envisioned by fanners, rather than 

through simple nutrient balances, measuring inputs and outputs for the same field over 

just a single year. 

Third, for the purpose of large-scale projects, it will be easier to deal with an 

aggregate of farmers, a collective partner, than a myriad of scattered individual farmers, 

for reasons of logistics alone. How efficiently local, heterogeneous stakeholders can be 

organized and mobilized, or can organize and mobilize themselves, will be crucial for 

any carbon project. In other words, the challenge of a 'diffusion of carbon innovation'. 
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to expand on Rogers (1995), will be how to achieve a strong aggregate of interested 

small farmers without, however, curtailing their differential needs and capacities, and 

not how to spread new technical knowledge (the imaginary perfect carbon sequestration 

practice). Existing institutions (NGOs, extension services, rural councils, social 

networks), trusted and supported by the majority of local stakeholders will have a 

crucial role to play. The most promising institutional vehicle that could assume such as 

role in the Old Peanut Basin are the Rural Councils (Conseils Ruraux), the elected 

bodies of the smallest administrative unit in Senegal.""^ Initial tasks, as defined by 

farmers, include: 1) assessing villages, households, and their chances and constraints for 

participating in a carbon project; 2) identifying most promising and feasible soil 

management and land use options per set of farmers; and 3) ensuring farmers' 

commitment to a jointly defined carbon agenda. 

Fourth, a carbon program designed to support such diverse and dynamic 

strategies on a large scale and over a long period of time will require a flexible and 

adaptive management and policy approach. Only if the uncertainties and complexities 

of farming systems are taken seriously and are consciously integrated into policy 

formulation, can a stable socio-political infrastructure, a prerequisite for long-term 

carbon projects, emerge. Ideally, such an adaptive policy framework should generate 

possibilities to strengthen farmers' own efforts of dealing with uncertainty while 

providing the necessary incentives to encourage successful land husbandry initiatives. 

Farmers also discussed the possibilities of specific carbon committees, with representatives from all 
participating villages, to ensure appropriate program design and accurate monitoring and verilication. 
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Fifth, a farmer-centered carbon approach will require a shift in power and 

control, from global to local. Key to this approach is the 'principle of subsidiarity' 

(Scoones et at, 1996a), in which administrative and management tasks are carried out 

as closely as possible to actual users, with decision-making at various levels. This 

implies a much larger role for local institutions than currently envisioned under the 

managerial discourse of the climate change debate, urging global action and control 

(Adger et ai, 2001). In addition to project design, local institutions would also be 

involved in carbon measurements and monitoring, as it is already the case in the Scolel 

Te Project in Mexico (Tipper, 2002), as well as equitable distribution of anticipated 

benefits. 

Sixth and finally, such adaptive policies and support for trusted local institutions 

are all the more important as smallholders will need a good head start over venturesome 

Senegalese businessmen, well-endowed local 'innovators' and 'early adopters' (Rogers, 

1995), starting to position themselves in the emerging carbon market. Today, these are 

entrepreneurs from Dakar (Tieszen, personal communication). Tomorrow, they might 

be the new mouride businessmen from Touba, 'les marabouts de carbone'. To avoid 

increasing inequality among local stakeholders as a result of what Freeman (1985) calls 

the 'preemption of innovations' by early adopters, emphasis needs to be put on equity 

issues, on creadvc ways to incorporate those who are usually dismissed as 'laggards' or 

poor households facing the highest risks. 



Even if carbon programs are designed in a way that takes into consideration the 

dynamics, diversity, and variability of smallholder farming systems in drylands, a 

number of risks remain, for both local farmers and carbon investors. These risks are 

primarily linked to the long life span (probably 25 years) of projects, the large number 

of local participants required, the general reversibility of carbon gains once successful 

management practices or land use pattems are changed or abandoned, and the typical 

low cost-effectiveness of investing in such a complex and diverse environment. 

From the perspective of local farmers, specific risks include: 1) high transaction 

costs to switch from one management practice or type of land use to another; 2) natural 

hazards such as droughts, fires, climate change and, to a certain extent, also insect 

invasions defeating attained carbon gains; 3) unreliable governmental support and 

volatile policies; 4) corrupt middlemen who may surface between local institutions and 

extemal carbon investors, embezzling payments assigned to participating farmers; and 

5) uncertain compensation for individual lands set aside for common sequestration areas 

(communal fallow and grazing lands). Despite these risks, farmers seem highly 

confident with respect to the capacities of selected local institutions in terms of ensuring 

both equitable participation and remuneration. 

From the perspective of carbon investors, risks associated with such a farmer-

centered carbon approach include; 1) low potential of competitiveness of smallholders 

on the carbon market, due to the small size of their lands and the spatial and temporal 

variability of sequestration practices, compared to large agricultural enterprises; 2) high 

costs for carbon measurement, monitoring, and verification as a result of high spatial 
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heterogeneity of management and land use patterns; 3) the likelihood of non-fulfillment 

of carbon agreements from the side of farmers due to economic reasons (better 

alternatives for a piece of land, lacking means, higher income outside of agriculture, 

changes in market prices for agricultural products), in addition to the environmental and 

policy reasons also perceived by farmers; 4) weakness and unreliability of local or 

regional institutional structures; 5) lagging results due to a slower, more incremental 

approach to development as a whole, incompatible with the expectations of the 

international policy arena; and 6) uncertainty and unpredictability of the course and 

final outcomes of a project, which might be perceived as a lack of competence and 

eroding political control. Additional risks are inaccuracy of baseline data, monitoring 

and verification tools as well as the general uncertainty surrounding 'additional 

activities' under the Kyoto protocol. 

Engaging in carbon sequestration projects in smallholder farming systems in 

drylands would require a fundamental change in the way climate change mitigation 

programs have so far been conceived. It would mean a serious commitment to the 

understanding of complexity of rural livelihoods and to their struggle for a better life. 

This implies the willingness to engage in the adaptive dynamism of agrodiversity while 

letting go of the tempting but treacherous comfort of predictability and control. Poverty 

alleviation through carbon sequestration in the Sahel is possible. Quick results and easy 

money are not to be found here. 
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Table 1: Basic characteristics of the two case study villages 

Village characteristics Intensification pathway Expansion pathway 

Name 
Location 

Coinmunautd Rurale (Arrondissement) 
Average precipitation 2000-2002 (mm) 
Population 
Village territory (ha) 
Compounds 
Land/compound (ha) 
Ethnic group(s) 
Major sources of income 

Ngodjileme 
N 14°37'36.5" 
W 16°27'20.6" 
Ngoye (Ngoye) 

530 
573 
179 
56 
3.2 

Serer 
animal fattening, petty trade, 

seasonal migration, remittances 

Thiaytou 
N 14°56'02.7" 
W 16°24'33.6" 

Dinguiraye (Baba Garage) 
351 
827 

1,393 
90 

15.5 
Wolof, Fulani 

trading, crops, animal fattening, 
livestock, remittances 

Sources: Fieldwork, 2001, and records of national meteorological service (Direction Meteo), Dakar. 
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Table 2: Criteria for wealth ranking 

Rich compounds Medium compounds Poor compounds 

9 several horses 9 one horse 9 no horse 
€) complete set of agricultural 9 at least one seeder 9 insufficient agricultural 

equipment just enough land equipment 
enough land 9 small labor force 9 not enough land 

9 enough labor 9 no or just one cart 9 limited labor force 
9 one or two carts 9 some remittances/income from 9 no cart 

remittances/income from migration 9 very few/no remittances/income 
migration [2-3 oxen, 5 goats/sheep] from migration 
[>5 oxen, >10 goats/sheep]* & [no ox, <2 goats/sheep]* 

9 [able to lend money]* 9 (forced fallow - no seeds/labor)° 
9 (farmers walk to distant fields) ° 

14% of all compounds 34% of all compounds 52% of all compounds 

n=189 

* Criteria cited only in Thiaytou. 
° Criteria only cited in Ngodjileme. 

Source: Field work, 2001 (group discussions). 
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Table 3: Land resources (mean values) in Ngodjileme and Thiaytou, 2001 

Ngodjileme Thiaytou 

poor medium rich total poor medium rich total t-test n 

Land/household (ha) 2.7 3.9 5.0 3.7 6.6 15.2 21.9 14.6 ** 24 

# of fields/household 5.0 6.0 8.3 6.2 4.3 6.8 6.5 5.8 24 

Field size (ha) 0.5 0.7 0.6 0.6 1.6 2.3 3.4 2.5 ** 143 

** significant at the 1% level (significant difference between Ngodjileme total and Thiaytou total). 

Source: Fieldwork, 2001 (household surveys). 
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Table 4: Soil fertility management practices used in the Old Peanut Basin, Senegal, 
2000/2001 

Prrctices Preferred crops Pre'erred soils" Prcfcrrec fields 

.."ii -I' .>•; 

Mineral fertilizers (NPK) 

Urea 

Rock phosphates 

Stubble grazing with cattle 

Cattle manure 

Manure from small ruminants 

Horse and donkey manure 

Chicken manure 

Leaving millet stalks on fields 

Household waste 

Composting 

Spreading ashes 

Groundnuts shells 

Decomposed millet glumes 

Spacing groundnuts heaps 

Leaf litter 

Fish scales 

Decomposing baobab parts 

Crop residues 

Millet, vegetables 

Millet, vegetables 

All crops 

Millet, watermelons; 

Millet, vegetables 

All crops 

MiUet, vegetables 

Millet, vegetables, cowpeas 

Millet, watermelon 

Millet, vegetables 

Millet, sorghum, cowpeas 

MiUet 

Millet, groundnuts (also fresh) 

Millet 

MiUet 

Millet, hot peppers 

All crops 

All soil types Outfields, never infields; rare on women's fields 

All soil types Outfields, vegetable gardens, never infields 

Best on hard soils outfields 

dior Poorest and closer fields, remote fields with guards 

dkir, poorest fields Infields and outfields 

dior Poor fields, close and remote fields 

dior, poor fields Infields, vegetable gardens; outfields with cart 

dior All fields 

dior Infields; outfields depending on availability of cart 

dior Least fertile fields, project fields 

dior Infields, outfields if mixed with manure (cart) 

Any soil type Infields, closer fields, fields in fallow 

Any soil type Infields and outfields 

All soil types All fields, fields in fallow 

dior Infields and outfields (if carts available) 

All soil types Infields 

dior All fields 

dior All fields 

2. Bcdurin^ nutrient hsses through increased ve^i'tative cover 

Fallowing 

Protecting trees 

Planting trees 

Living hedges/fences 

Superficial tillage 

Selective clearing/weeding 

After millet, before groundnuts Poor soils, dior Outfields, never infields or basins; if lack of seeds 

Millet, cassava, mangos, henna 

Millet, groundnuts 

Millet 

dior 

dior 

dior, ban 

dior and deck 

All soil types 

Closer fields 

Outfields or basins 

Infields and basins 

Outfields, fields in fallow 

Infields and outfields 

y. Maximking the I'fficutti \ of niilrietU uplfike and me 

Cereal-cowpea rotation 

Millet-groundnuts rotation 

Rotation with watermelons 

dior, very poor soil Where groundnut seeds are not available 

dior, rarely deck Outfields 

All soil types Infields 

* Names in italic are Wolof names for major soil types: 
dior = >95 percent sand and <0.2 percent organic matter; deck = hydromorphic with 85-90 percent sand 
and 0.5-0.8 perent carbon content; ban = similar to deck but usually found along waterways and basins. 

Source: Fieldwork, 2001 (group discussions). 



Table 5: Land transactions in Ngodjileme and Thiaytou, 2001 (as percent of all fields 
per sample household) 

Ngodjileme Thiaytou 

Poor Medium Rich Total Poor Medium Rich Total 
households households households 

Total 
households households households 

Total 

Inherited 81 74 58 72 69 64 58 62 
Borrowed 3 0 4 3 12 33 42 32 
Received as gift 0 0 13 4 19 3 0 6 
Rented 10 0 0 4 0 0 0 0 
Mortgage 6 26 25 17 0 0 0 0 

n 26 25 26 77 17 28 25 70 

Source: Fieldwork, 2001 (household surveys). 



130 

Table 6: A farmer-centered approach to carbon sequestration: Recommendations for 
drylands 

• Offer a basket of management choices from which farmers can choose 
• Measure carbon contents and soil fertility at the end of well-specified management periods 
• Identify strong local institutions to achieve an aggregate of participating farmers 
• Encourage a flexible and adaptive management and policy approach 
• Facilitate a shift in power and control from global to local ('principle of subsidiarity') 
• Stress equity issues through special emphasis on less influential groups ("late adopters') 
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Figure captions 

Figure 1: The West Central Agricultural Region ('Old Peanut Basin'), one of the three 
SOCSOM pilot study areas (I-III) in Senegal, with main research locations. 
Source: Map of Senegal; EROS Data Center/USGS. 

Figure 2; 
a) Annual precipitation (mm) in Bambey, center of Old Peanut Basin, 1960-2002. 
Source: Records of national meteorological service (Direction Meteo), Dakar. 
b) Cumulative precipitation (mm) during the cropping seasons 2001 and 2002 (June-
October) for two selected locations (Bambey and Ndindy) in the Old Peanut Basin, 
expressed in decades (10-day periods). 
Source: records of national meteorological service (Direction Me'teo), Dakar and 
ISRA/CNRA, Bambey. 

Figure 3a: Territory of Thiaytou (Landsat ETM+, 1999) 
Sources: Image: EROS Data Center/USGS; Territory boundary: Fieldwork, 2001. 
Note: Areas in dark color are pieces of land in fallow. Fallow is practiced in 
combination with cultivated fields (primarily millet and groundnuts) within an 
approximate radius of 1.5-2 km from the village center and, occupying large chunks of 
land, in the northeast and southwest of the territory. Although fallow has been 
increasing in most of the central Baol (see Figure 1) over the last years, the extent of 
fallow in Thiaytou is higher than in surrounding villages. 

Figure 3b: Territory of Ngodjileme, including three separate territory portions (Landsat 
ETM+, 1999) 
Sources: Image: EROS Data Center/USGS; Territory boundaries: Fieldwork, 2001. 
Note: Areas in dark color represent increased tree density in direct proximity to village 
compounds. Due to the small size of fields and the lack of fallow, it is difficult to 
distinguish between individual millet and groundnuts parcels, although the image 
resolution is the same as in the image of Thiaytou (Figure 3a). All arable land is under 
cultivation, within and beyond the territory boundaries. 

Figure 4: Changes in land use and soil fertility management over three time periods, 
expressed in weighted points of importance/extent (1-10), as perceived by smallholders 
in Ngodjileme. 
Source: Fieldwork, 2001 (pebble ranking). 

Figure 5: Changes in land use and soil fertility management over three time periods, 
expressed in weighted points of importance/extent (1-10), as perceived by 
smallholders in Thiaytou 
Source: Fieldwork, 2001 (pebble ranking). 
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Figure 6: Conceptual framework for household decision-making with respect to 
land/soil management. 
Source: adapted with changes from Knowler (1999). 

Figure 7: Number of animals per sample household in the two research villages, 2001 
(P = poor household, M = medium household, R = rich household) 
Source: Fieldwork, 2001 (household surveys). 

Figure 8: Annual revenues ($) per adult equivalent and sample household in two 
research villages, 2001. (P = poor household, M = medium household, R = rich 
household) 
Source: Fieldwork, 2001 (household surveys). 

Figure 9: Inputs per sample household and hectare of fertilized field (in kg ha"^) and 
labor hours per crop in two research villages (P = poor household, M = medium 
household, R = rich household). 
Source: Fieldwork, 2001 (household surveys). 

Figure 10: Fields, crops, and management practices for one sample household in 
Ngodjileme, 2001 
Source: Fieldwork, 2001 (household surveys; soil and biomass carbon measurements). 
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Figure 3a 
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Figure 3b 
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ABSTRACT 

Carbon sequestration in degraded agricultural soils in developing countries to mitigate 

atmospheric greenhouse gas concentrations is increasingly promoted as a potential win-

win strategy, particularly for drylands. While considerable effort has been made to 

assess the benefits for local soils, regional ecosystems, as well as the global climate, 

few estimates exist regarding detailed costs and benefits for local smallholders, the 

ultimate actors and beneficiaries of carbon offset projects. This paper presents a farmer-

centered ex-ante cost-benefit analysis of 15 management and land use options combined 

with a household budget model to assess what practices are most profitable and 

economically feasible for local farmers in the Old Peanut Basin of Senegal. The results 

show significant differences in anticipated net benefits for various management options, 

ranging from -$1,400 to $9,600 tC"\ Given the differential resource-endowment of 

local smallholders, carefully designed cost-sharing mechanisms would be necessary to 

achieve equitable and efficient local participation in carbon sequestration schemes. 

INTRODUCTION 

Carbon sequestration in soil organic matter is increasingly promoted as a potential win-

win strategy for reclaiming degraded agro-ecosystems, particularly in drylands of the 

developing world, mitigating global climate change, and improving the livelihoods of 

resource-poor farmers. There has been considerable research on the biophysical 

potential of carbon sequestration in dryland soils (Batjes, 2001; Lai, 1999; Lai, 2002a; 

Lai, 2002b; Lai and Bruce, 1999; Rosenberg et al., 1999; Schlesinger, 2000). However, 
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few efforts have been undertaken to quantify the costs and benefits of the various 

management practices and land use change options proposed and their economic effects 

for local stakeholders, especially for Africa (Ringius, 2002). Although existing studies 

indicate low-cost options with significant ancillary benefits (Ringius, 2002), ranging 

from $10-20 per tonne of carbon sequestered (tC~'), detailed cost assessments are 

lacking. The fact that such economic estimates do not differentiate between the 

potentially appropriate management options is problematic. Another major concern is 

that they do not account for economically highly diverse groups of farmers. These 

fanners, however, are the ones who will most likely bear the bulk of accruing costs. As 

for social benefits, the Global Environmental Facility (GEF) considers only projects that 

can sequester carbon within agricultural soils for less than $10 per tonne eligible for 

financial support (FAO, 2001). Along the same line, Fankhauser (1997) argues that 

projects that pass a cost-benefit test of $5-20 tC~' are worth undertaking. Is it really that 

straightforward? 

Advances in soil fertility management and farming systems research as well as 

complex systems analysis have demonstrated new ways for addressing questions in 

natural resource management in a holistic and comprehensive manner. These insights, 

summarized in three points below, also allow the design of economic feasibility studies 

for soil carbon sequestration programs that go beyond current best-guess estimates. 

First, limited investment capital among smallholders is one of the main 

constraints to the adoption of technological solutions to soil fertility decline, 

independent of their long-term financial and social profitability (Ayuk, 2001; Izac, 
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1997; Sanchez et a!., 1997). Also, farmers tend to pursue multiple household objectives, 

many of which seek to minimize risk rather than maximize economic profit. Thus, 

opportunistic farming and adaptive risk management might constitute more appropriate 

survival strategies than pursuing long-term positive economic returns (Current et al., 

1995; Herve et al., 2002; Tschakert, forthcoming-b). 

Second, smallholder farmers are a very diverse group in terms of 1) their 

resource endowments and their access to credit and savings; 2) the wide range of 

complex, diverse, and dynamic strategies they pursue to secure their livelihoods with 

the resources at their disposal; 3) the opportunity costs they face to utilize their 

resources in specific activities; and 4) their attitudes toward risk. Differences in 

household budgets are only one among several indicators of the potential adoptability of 

improved management practices. Recent studies on the adoption of various soil fertility 

management strategies in Africa (Kaya et al., 2000; Shepherd and Soule, 1998) take 

into account such differential resource endowments. 

Third, small-scale farming systems are complex, diverse, and dynamic systems 

in which flexibility and adaptability constitute the cornerstone of opportunistic farm 

management (Scoones, 2001). Understanding household decision-making processes in 

such dynamic environments clearly requires a dynamic perspective. Systems analysis, 

as demonstrated by Shepherd and Soule (1998), is an efficient tool for the ex-ante 

assessment of complex management strategies over long time scales. 

Drawing from these insights, this paper assesses the cost-effectiveness of 

improved management practices through soil carbon sequestration in small-scale 



dryland farming systems for three resource-endowment groups. Since the various 

management options are highly site-specific (Tschakert, forthcoming-b), this analysis is 

rooted in case studies. Based on the results from soil and biomass carbon measurements 

and biogeochemical modeling for the Old Peanut Basin of Senegal, estimating the 

potential for sequestration of 0.05-0.4t C ha""^ yr~' (Tschakert, forthcoming-a), cost-

benefit profiles were evaluated for 15 management practices derived from farmers' 

preferences. Given the crucial role of farmers as principal actors in soil carbon 

sequestration programs, the main focus of this paper is on the profitability, 

opportunities, and constraints of adoption from their point of view. 

The key questions that are addressed in this paper are: 

1) What are the private costs and benefits (based on market prices) for adopting 

management practices and land use change options for different resource-

endowment groups? 

2) How do these costs compare to the amount of carbon that can be sequestered? 

3) How do these costs compare to farmers' actual household budgets? 

4) For which group(s) of farmers and under what conditions will certain practices be 

financially profitable and, at the same time, meet important household needs? 

5) What incentives would most effectively stimulate high adoption rates? 

The paper contains two major parts. The first one is an ex-ante, farmer-centered 

cost-benefit analysis (CBA) of various carbon sequestration practices. It uses private 

market prices and reflects the incentives to undertake different land management 
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strategies as perceived by the farmers. Management strategies included in the CBA are 

those that, from a biophysical perspective, appear most promising. The analysis 

describes net costs, net benefits, and net present values (NPV) for the low, medium, and 

high-resource endowment groups of farmers. It also includes a sensitivity analysis 

performed on key parameters of the CBA. The second part of the paper is a cash-flow 

analysis, putting the results from the CBA in the context of real farm budgets, as 

assessed through participatory household surveys. A model, programmed in STELLA 

(HPS, 2000), was developed to represent household decision-making processes with 

respect to resource allocation and to simulate the economic feasibility of proposed 

carbon sequestration options. The simulations helped to pinpoint the various 

opportunities and constraints for the adoption of improved practices within the three 

wealth categories. Addressing these group-specific aspects is a first step in equitably 

engaging small-scale farmers in projects that enhance both carbon stocks and rural 

livelihoods. 

METHODS 

Description of study area 

The study, part of the SOCSOM project^ was conducted in the 'Old Peanut Basin', 

located in the west-central part of Senegal (Fig. 1). This area constitutes a gently 

undulating plain with soils made out of large portions of aeolian material. The main soil 

' SOCSOM = Sequestration of Carbon in Soil Organic Matter, a carbon sequestration pilot project funded 
by USAID and implemented by the EROS Data Center/US OS in collaboration with the Centre de Suivi 
Ecologique (CSE), ISRA (Institut Senegalais de Recherches Agricoles), Colorado State University, and 
the University of Arizona. 



types are luvic Arenosols, ferric Luvisols, and chromic Vertisols (FAO-Unesco, 1974). 

Farmers distinguish primarily between dior and deck. Dior, usually found on former 

dune slopes, contain >95% sand and <0.2% organic carbon while deck are 

hydromorphic with 85-90% sand and 0.5-0.8% organic carbon (Badiane et al., 2000). 

The climate is semi-arid with annual precipitation ranging from 350-700mm, 

making this part of the country suitable for rain-fed agriculture. The main crops are 

millet (Pennisetum typhoi'des), groundnuts (Arachis hypogaea), sorghum (Sorghum 

bicolor) and cowpeas (Vigna unguiculata). The rainy season usually lasts from July to 

September or October, although both spatial and temporal variation of rainfall are high 

and episodic crop failures well known. 

Over 90% of arable lands are used for cultivation, leaving this area without any 

forest resources at all. Today, primarily because of a long agricultural history and 

increasing population pressure, the natural vegetation is heavily degraded. The most 

common tree species arc Acacia raddiana (seing), Acacia nilotica (nebneh), Acacia 

seyal (surur), Adansonia digitata (gui), and Faidherbia albida (had). The major woody 

shrubs comprise Balanites Aegyptica (sump) and Guiera senegalensis (nger). 

Population density in the Old Peanut Basin is higher than in any other 

agricultural zone in Senegal, ranging from 150-225 inhabitants km'^ (CSE, 2000). 

Eighty-eight percent of the population identify themselves as members of one of two 

ethnic groups, the Wolof and Serer (CSE, 2000). High variability of cereal production. 

' Common names are provided in Wolof, the most widely used local language in this part of Senegal. 



151 

mainly millet and sorghum, makes rural smallholders vulnerable to fluctuations in 

precipitation. 

Land use and land cover within the farming systems of the Old Peanut Basin 

have changed considerably over time. Time-series of remotely sensed imagery suggest 

that fallow has decreased from >30 to <5% in most areas, although patches of new 

fallow exist in the northeast of the study area (Tappan, personal communication, 2002). 

The scope of agricultural intensification within the farming systems varies significantly. 

Depending on population pressure, ethnic group affiliation, and overall access to land 

through formal and informal tenure arrangements, land use ranges from extensive, with 

significant fallow and pasture land, to much more intensive systems where all land is 

cultivated and the integration of cropping and animal husbandry is high (Tschakert, 

forthcoming-b). 

Methodological framework 

Fieldwork for this study was conducted between December 2000 and January 2002, 

involving a suite of research activities in 13 villages among which three, Thilla Ounte, 

Ngodjileme, and Thiaytou (see Fig. 1), were chosen for detailed assessments. These 

included, inter alia, soil and biomass carbon measurements, in-depth household 

surveys, and a farmers' assessment of anticipated costs and benefits for selected organic 

matter management practices. Fig. 2 depicts the various components of this research 

process. 
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Estimation of carbon sequestration potential 

Soil and biomass carbon measurements were taken in 2001 in three research villages 

(see Fig. 1). Sampling design, laboratory analysis, and results are described in detail in 

Tschakert (forthcoming-a). Total system carbon, including soil, roots, litter, understory, 

and tree carbon varied between 12.7-59.3 t ha~\ reflecting differences in the soils' clay 

content and management practices. Soil and tree carbon combined accounted for 86% 

of total system carbon. Average carbon values in the upper 20cm soil ranged from 4.3-

21.3 t ha"^ (mean of 11.9 t ha"^) while those for the 20-40cm layer varied between 2.8 

and 29.8 t ha"^ (mean of 6.9 t ha~').^ These values correspond well with existing 

estimates for the West-Central part of Senegal, ranging from 4.5t-18t C ha"^ for the 

upper 20cm (Ringius, 2002; Tiessen et al., 1998). 

Carbon simulations performed with CENTURY, a biogeochemical model 

(Parton et al., 1994), suggest that after 50 years of improved management practices soil 

C could increase from 11.9-25.4t ha"' while tree carbon would raise from 4.2-11.8 t ha~ 

'. A total of 25 scenarios, based on farmers' preferences for environmental protection 

and soil/land management, were tested. Net sequestration potential per ha and 

management practices for two 25-year periods are listed in Table 1. These values are 

slightly higher than the range of 0.05-0.3 t C ha~^ yr"' for croplands in semi-arid 

regions provided by Lai (1999). The simulation results for grasslands and pasture are 

almost identical to Lai's estimates of 0.05-0.1 t C ha"^ yr"\ A detailed description of 

the simulation results is provided in Tschakert (forthcoming-a). 

^ The highest values were recorded in one field with 20% clay and silt content in the upper 20cm and 28% 
in the lower 20cm. Averages from all other measurements were of 4.7% and 6.4% respectively. 
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Since neither foreign investors nor local farmers participating in a carbon project 

would want to commit to management practices that do not yield any carbon gains, only 

practices with an increase in soil C, as simulated for the first 25-year period, were 

retained for the cost-benefit analysis described later. The final 15 management options 

tested also included two additional options that combine the purely C conservation-

oriented practices (grassland and fallow) with income-generating activities without 

which the likelihood of adoption might not be very high. 

A farmer-based cost-benefit analysis 

In order to analyze both the feasibility and the profitability of these 15 carbon 

sequestration/improved soil management options, an ex-ante cost-benefit analysis 

(CBA) was performed. It is a farmer-based CBA, built upon the quantitative and 

qualitative assessment of all possible costs and benefits that would actually accrue to 

farmers if the various management options were implemented. Cost and benefits are 

valued at the prices these farmers are likely to face. Most existing studies on the 

profitability of carbon sequestration in Africa expect local costs and benefits to accrue 

but do not include any quantitative estimates (Ringius, 2002). 

Significant differences exist between individual households in terms of total 

land, household members, animals, agricultural equipment, as well as yearly revenues 

and expenditures. Since differential access to resources clearly influences adoption rates 

and the overall impact of management practices on livelihoods (Current et al., 1995; 

Sanchez et al., 1997), these differences were taken into account and households 
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differentiated based on their resource endowment. Farmers in the research villages were 

asked to 1) define criteria for three 'wealth' categories'^; and 2) to assign each household 

to one of these categories (Tschakert, forthcoming-b). 

Detailed household surveys and cost-benefit assessments were then carried out 

according to these categories. The majority of all households (52%) in the research 

villages, that are considered fairly representative for the entire zone, were classified as 

"poor" or low-resource endowment households. Some 35% were classified as being part 

of the medium-resource endowment category while only 14% fell into the "rich" or 

high-resource endowment category. Table 2 summarizes the basic characteristics of 

these wealth categories. 

In a next step, income-expenditure profiles for the 15 retained management 

practices and the three resource-endowment categories were constructed using 

Microsoft Excel. As in the CENTURY simulations, all costs and benefits were 

calculated for a period of 25 years and for one hectare. Original amounts in French CFA 

were converted into US $ using a 678 FCFA per $ exchange rate. The net benefits of 

using a specific management practice were calculated as follows: 

NBcS ~ B yield Banim •I" Btree Cjnp Ciab Crf 

Where: NBcs = net benefits of carbon sequestration; Byiew = income from increased 

crop yields; Banim = income for animals; Btree = income from tree products; Qnp = costs 

of inputs; Qab = costs of labor; Crf = costs of rent forgone. 

* The Wolof term used for 'wealth' was ' doo l f .  which implies strength. It represents various assets and 
resources of a household (land, labor, animals, agricultural tools, etc.) rather than just financial means. 
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Table 3 summarizes the various cost and benefit categories. Not included are 

costs of future project monitoring, training, verification, and transaction costs, nor 

benefits from saved labor, increased weeds, and increased agricultural residues. 

Information on prices and crop yield estimates were collected based on farmers' 

assessment and complemented by results from a 2001 market study and data available 

in the literature (Badiane and Lesage, 1996; Christopherson and Faye, 1999; Ndoye, 

1996). 

Cost-benefit flows were discounted to present values to calculate net present 

values (NPV) per unit area, using a discount rate of 20%.^ However, other rates were 

explored through a sensitivity analysis. All costs and benefits are expressed in $ ha~' 

and $ t Finally, a two-level sensitivity analysis was performed to test how sensitive 

predicted NPV for the various management practices are to changes in basic 

assumptions; 

1) Calculating the effect of changes in key parameters: 

Discount rate at 10% and 40%; 

10% and 25% change in prices for inputs, labor, crops, animals, animal 

products, and tree products 

2) Budgeting with different parameters: 

Introduction of first-year subsidies (at 25%, 50%, and 75%) to reduce initial 

investment costs 

^ This rate, being more than twice as large as the documented rate for the period 1987-1998, takes into 
account changes in consumer price index, inflation, and bank lending that might have occurred since 
1998 as well as risks farmers face in their decision-making process (Christopherson and Faye, 1999). 
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Changes in the time-length of subsidies (first five and ten years of a project). 

Systems analysis and household budget simulation model 

The second major component of this study was the development of realistic farm 

budgets in form of cash flows to determine whether or not farmers in the three resource-

endowment categories would have the resources to invest in carbon sequestration. In 

principle, it would be in the farm household's financial interest to adopt a new 

management practice or to participate in a carbon sequestration scheme if the NPV of 

the incremental returns from switching from one practice or one land use type to 

another were positive (NPV>0). NPV>0 is thus a ncccssary but not sufficient criterion 

for adopting a new system (Lutz et al., 1994). As for soil fertility management in 

general, other factors such as cultural preferences, labor constraints, tenure insecurity, 

social pressure, etc. might prevent farmers from doing so (Ayuk, 2001; Sanchez et al., 

1997). High initial costs and the lack of investment capital might constitute the biggest 

constraints (Izac, 1997; Ringius, 2002). 

To go beyond the limitations of the CBA framework, a systems analysis 

approach (Jeffers. 1978) was used to evaluate the financial feasibility of proposed 

carbon sequestration practices among small-scale farmers, particularly with respect to 

their first-year investment capital. According to Shepherd and Soule (1998), the systems 

analysis is increasingly advocated and used as a tool for ex-ante assessments of more 

complex natural resource management practices over long time scales. The model was 

programmed in the STELLA software, version 5.0 (HPS, 2000). STELLA is an object-
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oriented graphical programming language that is specifically designed for modeling 

dynamic systems (Costanzaet al., 1998). 

Model overview 

The main unit chosen for this analysis was the household as this is the major decision

making unit with respect to land and soil management.® The main sector is the 

household cash box with inflows from and outflows to the other sections of the model 

(Fig. 3). These other sectors include factors beyond human control, such as climate, 

changing prices for inputs and outputs, as well as factors that are under human control. 

The latter comprise land allocation, labor availability (migration), production, and 

consumption. Although farmers in this part of Senegal, as in most other regions of the 

Sahel, undertake many different activities in their production systems, only millet, 

groundnuts, and cowpeas were retained for the model, for reasons of simplicity. The 

number of animals and land in fallow determine the amount of manure available as 

direct organic matter input unto cultivated fields. 

A time scale of 25 years was used in order to be compatible with the CBA. The 

model is dynamic, reflecting both rapidly changing conditions and households' 

flexibility and adaptability in dryland farming systems. It runs in both weekly and 

monthly time units. The model was used for all three resource-endowment categories, 

taking into account differences in resource endowment (see Table 2). Costs and benefits 

® In the Old Peanut Basin, one or more households constitute a compound. It is usually the head of a 
compound, who is also the head of the (main) household, who is responsible for the allocation and 
distribution of land between members of a compound (Golan, 1990). All compounds sampled for this 
research consisted of only one household, which justifies the household as main unit of analysis. 
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of carbon sequestration activities were imported from the CBA. Annual amounts were 

allocated to specific months during which farmers arc most likely to obtain revenues 

and make expenditures. Rent forgone was calculated as a result of annual precipitation 

and yields. Only the most promising practices (positive NPV) were retained as 

simulation scenarios. 

Model parameters 

Table 4 specifies the various parameters used in the model. Values for these parameters 

were obtained through participatory household and field surveys, taking into 

consideration differences in resource endowment. These local data were complemented 

by input and output prices as obtained through a 2001 market study as well as data from 

the literature. Land allocation, labor force, total household members, and prices for 

crops and animals vary over the 25-year period. All data are very specific to 

smallholder farming systems in the Old Peanut Basin of Senegal and would require 

modification if the model were used in different environments. 

RESULTS 

Results from the cost-benefit analysis 

Costs and benefits 

The results from the cost analysis (Table 5), performed under the assumption that every 

household would use one hectare to switch from the current practices (millet-
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groundnuts rotation with no inputs) to one of the 15 alternative management options, 

reveal at least four important points: 

1) Costs for resource-poor farmers are considerably higher than those for medium 

and rich farmers. This is due to the fact that the former would have to spend more 

money on purchasing inputs necessary to implement a certain practice, most often 

animals, animal fodder, and means of transporting material. Moreover, poor 

households usually lack the required labor for more labor-intensive practices, 

such as the installation of live hedges, and thus would be required to hire 

additional workforce. While medium and rich households are expected to have at 

least one field in fallow, low-resource endowment households do not enjoy this 

'luxury' and, thus, would have to face additional costs from rent forgone on fields 

no longer used for cultivation. 

2) There is a large variation in costs between the various management practices, both 

with respect to first year costs and annual costs starting with Year 2. Scenarios 

involving conversion of cropland to grassland with minimum or no input and all 

fallow options are fairly, cheap, ranging from $0-300 during the first year. In 

contrast, large initial investment would be required for practices that also include 

an income-generating component (live hedges with Acacia leatea and animal 

fattening^), as well as those with more animals than currently present in a 

household. In these cases, first year costs could be as high as $3,000. 

^ The rationale behind including options with income-generating activities was that farmers could not 
afford the conversion from cropland to grassland or long-term fallow without alternative income that 
would compensate them for the production forgone. The grassland scenario in combination with live 
hedges of Acacia leatea seems attractive because of potential income from the sale of highly valued 
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3) The highest first year costs clearly stem from input costs while those for labor and 

rent forgone are comparatively low, independent of the wealth category. 

4) Costs that occur after the initial investment year are noticeably lower than those 

encouBtered in Year 1. Only the fallow-animal fattening option requires more or 

less the same expenditures every year. 

A comparison with farm incomes as assessed through household surveys in 

three research villages indicates that most management practices are unaffordable, 

especially for the low-resource endowment category. The initial investment required for 

all practices, except for one (conversion of cropland to grassland without any inputs), 

exceeds the average income from agriculture ($63) in poor households. In only six out 

of all practices (conversion of cropland to grassland without and with minimum inputs 

and all fallow scenarios) are first year costs lower than the average annual household 

income ($577) for the same wealth category. For the medium and rich resource-

endowment categories, the prospects are slightly more promising. With $221 and $265 

income from agriculture for the two categories respectively, the costs of more than half 

of all practices could be covered. Only the scenarios that include very high up-front 

cash requirements (the fallow scenario combined with animal fattening as an income-

seeds. According to Christopherson and Faye (1999), one tree generates 1 ,OOOCFA/year. 800 trees along 
400m of field boundaries then yield 800,000CFA per year ($1,180). Senegalese agronomists have 
recommended this technique. It should be noted that, at present time, farmers do not use it and are not 
aware of potential benefits, primarily because there is no or very limited local demand. The 10-year 
fallow option combined with animal fattening includes an initial purcha.se of three cows (one female, two 
males) and the necessary fodder for fattening. While the males are sold and replaced every four months, 
the female is kept for two years, during which she is expected to reproduce, before she is sold togetlier 
with the offspring. 



generating activity as well as the lOt sheep manure option for medium households) 

would exceed the total annual income ($1,282 and $2,102 respectively). 

Caution, however, is needed to interpret the results since these comparisons do 

not take into account the amount and date of actual household expenditures. Whether or 

not initial investment costs can be covered through actual farm budgets at specific 

periods throughout the year will be discussed later. 

On the benefit side (Table 6), the analysis suggests only modest additional 

income from implementing carbon sequestration practices during the first year of a 

project cycle. In most cases, additional income from animals, if accrued, exceeds 

revenues from increased yields.^ Due to the lag-time inherent to all agroforestry and 

forestry practices, no benefits from tree products occur in the first year. However, in 

roughly two-thirds of all scenarios, annual benefits from Year 2 and afterwards are 

expected to exceed annual costs. It is no surprise that the largest additional revenues for 

all household types would occur from practices with an income-generating component 

(live hedges and animal fattening). Other practices, including the sale of animals, also 

yield significant benefits throughout the 25-year project period, although they are 

expected to be lower than the ones in the income-generating scenarios. 

These results provide a first indication that the biggest constraint for the 

implementation of recommended carbon sequestration practices might indeed be the 

high initial investment required that, without some form of external financial assistance. 

® Income from increased yield under the intensification scenarios is comparatively high because it stems 
from the sale of groundnuts rather than millet, as in the other scenarios. 
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most farmers would be unable to undertake. The following sections will provide further 

details. 

Next, undiscounted net costs and benefits® were evaluated. The results from the 

economic assessment in the Old Peanut Basin show that net costs and benefits of carbon 

sequestration vary considerably depending on the type of management practice and, to a 

slightly lesser extent, also on the degree of resource endowment of local households 

(Table 7). Although a direct comparison with other studies for Africa is difficult'®, the 

results underline that computing mean values for sequestering carbon in dryland 

farming systems is not only inadequate but also misleading. 

Undiscounted net costs for changes in land use (from cropland to grassland and 

from cropland to long-term fallow), although fairly low during the initial investment 

year, range from roughly $100-1,400 tC"'. These high net costs are due to losses 

farmers would have to face from forgone production. Even if the 10-year fallow option 

was combined with animal fattening, as suggested by farmers, net costs would be >$200 

tC~^ Additional revenues from animal sales could not compensate for high initial costs 

and recurrent expenditures for animal fodder. Poor households are also expected to face 

high net costs if they wanted to use cow manure (without fertilizer) and leave land 

fallow for three years. This can be explained through large first year expenditures for 

animal and fodder purchase (poor households usually don't have any cattle, see Table 2) 

and again forgone production. 

' Total costs and benefits, undiscounted, were added up for the entire investment cycle (25 years) and 
then subtracted from each other. 

Costs reported by Ringius (2002) range from $10-20 tC' for dryland restoration. For the East African 
Highlands, costs range from $153 tC"' to -$806 tC"' (net benefits) (Woomer, 1997). However, it remains 
unclear whether or not these values were discounted. 
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In contrast, carbon sequestration practices that generate either significant 

increase in yields or revenues from small ruminants or from tree products are expected 

to result in net benefits. These benefits range from roughly $80-10,000 tC"' and, thus, 

would be of greatest interest to carbon investors." The largest benefits from all tested 

scenarios can be expected from the conversion of cropland to grassland combined with 

live hedges of Acacia leatea. Although absolute benefits might be overestimated'^, this 

scenario clearly demonstrates the relative advantage of combining carbon sequestration 

strategies that are purely conservation-oriented with economic incentives as suggested 

by farmers. 

Finally, comparing discounted net benefits, equal to net present values (NPV), 

for the various management practices and wealth groups indicates a clear difference 

between poor households on the one hand and medium and rich households on the other 

hand. While for the former only one single management practice (grassland with live 

hedges) would be profitable over a 25-year project period, the latter can expect positive 

returns from two-thirds of all analyzed practices (Table 8). Some scenarios (compost, 5t 

sheep manure, and 3-year fallow) show NPV<20 while practices based on cow manure, 

lOt of sheep manure, and especially grassland with live hedges as well as intensification 

for rich households generate NPV of $400-2,600 ha"'. Practices that are not expected to 

yield positive returns even for households with better resource endowment are the 

" The high net benefits for compost are misleading due to its low sequestration rate (0.02t ha"' yr"'). 
The CBA for this scenario includes neither price fluctuations nor a highly likely drop in market value 

with significant increase in supply. Senegal is a good example for flooding the market with the same 
product once it has succeeded on a small scale. 
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conversion of cropland to grassland w^ithout an income-generating component and 10-

year fallow options, including the one combined with animal fattening. 

Although CBA is commonly used to assess the economic feasibility of soil 

fertility management practices, there are two fundamental flaws inherent to the CBA 

framework. The first is that wherever significant benefits occur only at the end of a long 

project period, discounting will lower the value of these benefits in a way that makes it 

difficult to justify such a practice (negative NPV). This is, for instance, the case with 

planting 250 kad trees (Faidherhia albidd). The second problem is related to the fact 

that certain changes in management strategies appear profitable in the long-run (positive 

NPV), but local capital constraints, especially during the first investment year, would 

most likely prevent farmers from ever implementing them. This issue will be further 

addressed in subsequent sections. 

Sensitivity analysis 

Changes in the discount rate were tested for their effect on NPV for all management 

practices and resource-endowment groups. For poor households, changing the discount 

rate from 20% to 10% resulted in positive NPV for practices that were slightly 

unprofitable under the base case (sheep manure, 3-year fallow with leucaena prunings 

and kad plantation). Neither medium nor rich households were significantly affected by 

a lower discount rate. Doubling the default rate, however, made six additional 

management practices for the better-endowed households unprofitable. Most of these 

practices were just barely profitable (NPV<50) under the 20% rate. In addition, the 



sensitivity analysis suggests that at a 40% discount rate, grassland with income-

generating Acacia leacea would no longer yield positive returns for poor households. 

This is due to the fact that with higher discount rates the benefits received in later years 

of a project cycle are less heavily weighted. 

Varying input and output prices by 10% and 25% reveals that costs for inputs 

and benefits from animals and tree products are most sensitive to changes (Table 9). 

Most practices result in a 0-30% and 0-60% change in NPV for the two levels 

respectively when input prices are altered. However, strategies that involve the purchase 

of animals show percentage changes in NPV ranging from 33-368%. Results from 

changes in farm gate prices for animals and tree products are very similar to those for 

inputs, reaching high percent changes in NPV (31-355%) when animals are involved 

but lower values (9-50%) without animals. Changes in the benefits received from 

increased farm gate crop prices range from 0-15%, except for those scenarios that 

include chemical fertilizer. Changes in prices for labor are the least sensitive, effecting 

NPV between 0-12% only. 

Finally, a series of subsidies were introduced into the CBA. Since high up-front 

costs for most of the practices, especially for the low-resource endowment group, are 

likely to prevent farmers from implementing them, 25%, 50%, and 75% subsidies were 

tested for their effect on overall profitability. Fig. 4 (b-d) illustrates changes in NPV as 

a result of this cost reduction. Compared to the scenario under which farmers would 

have to pay full costs (Fig. 4 a), a 25% financial support would make three additional 

practices profitable for farmers: lOt of sheep manure for poor households, kad 
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{Faidherbia albida) plantations and long-term fallow with organic matter input for 

medium households, and the same fallow scenario also for rich households. All these 

practices had NPV<$300 under the base case. 

Increasing the level of subsidies from 25% to 50% and 75% would not result in 

any improvements for the better-endowed farmers. For poor households, however, 50% 

external support would also make 5t of sheep manure profitable as well as the kad 

plantation and long-term fallowing with organic matter input. With another 25% of the 

initial costs removed, these fanners could also expect positive returns from composting 

and the application of 4t cow manure with fertilizer. At the same time, the NPV for 

profitable practices would increase. The analysis suggests largest gains under the 

grassland/live hedges scenario, with increasing positive returns from an average of 

$2,400 under the base case up to $3,100 with 75% subsidies. 

For the poor smallholders such first-year subsidies could cover initial costs 

accruing from the purcha.se of animals, animal fodder, and forgone rent, costs more 

affluent farmers would not have to face due to their better resource endowment. Thus, 

subsidies through carbon sequestration programs could, in addition to carbon gains, also 

contribute to fundamental equity issues. 

Lastly, the results indicate that even more practices would become profitable if 

subsidies were maintained over five and ten years respectively (Fig. 4 e-f). In fact, the 

analysis suggests that covering 50% of all costs over five years would be more 

beneficial for farmers than covering 75% of initial investment costs. NPV would 

increase for all scenarios, reaching its highest levels at $9,900 under the grassland/live 
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hedge option. At the same time, a conversion from cropland to grassland and long-term 

fallowing without an income-generating component are not expected to yield any 

positive returns, no matter how much and for how long subsidies are provided. 

Results from household budget simulations (STELLA model) 

The above cost-benefit analysis is certainly helpful in identifying practices that are most 

profitable in the long run, from both the investor's and the farmer's perspective. 

However, even if farmers could expect positive returns after 25 years, it can be 

hypothesized that the lack of investment capital is likely to prevent them from using 

these practices in the first place. How much of these initial investment costs could be 

covered by actual farm budgets was simulated with STELLA. Practices that were not 

profitable even at 75% subsidies after a ten-year period were not included in the 

simulation. The results from this cash-flow analysis are presented below. 

Validation 

The results of the model's simulation before introducing the carbon sequestration 

scenarios were compared to data collected through 2001 household surveys. In 36 

sample households, stratified across the three wealth categories, farmers reported, inter 

alia, how much money they spent during a certain time period on household goods'\ 

millet, and rice. They also stated, based on recollection, for how long their most recent 

millet harvest lasted and how different, if at all, this was from other years. Finally, they 

For the purpose of this analysis, household goods cover all food and cooking ingredients other than 
millet and rice, clothing, soap, fuel wood, gas, and other basic items found in every household. 
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were asked to provide an estimate on how many times per year they did not have 

enough money to purchase rice, the preferred staple, comparing 2001 with previous 

14 years. 

On average, poor households spent $6 on household goods per week while 

expenditures for medium and rich households were more than twice as high ($13 and 

$15 respectively).'^ Poor farmers reported several bottlenecks for 2001 when they were 

not able to purchase rice and, as a consequence, only had millet meals. This also 

contributed to the fact that their millet reserves were exhausted on average by April 

while better-endowed families had enough in stock to make it into the summer. One rice 

meal per day was possible for medium and rich households throughout the entire year. 

However, farmers also stressed large variation from year to year as a result of variable 

precipitation and variation from week to week due to the high mobility of household 

members. 

Fig. 5 (a-c) represents the simulation results. Compared to the data from the 

household survey, it can be concluded that the model simulates well the situation for the 

three wealth categories in the Old Peanut Basin and can be used to predict whether or 

not carbon sequestration practices are feasible from an actual farm budget perspective. 

These household surveys were carried out at the end of a one-year fieldwork period. Interviews were 
designed in a highly participatory way, using visuals (household maps, comparative ranking, color-coded 
calendars, etc.) more than questionnaires. 

Medium and rich households do not only spend more money on household goods per person, they also 
have more household members (see Table 2). 
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Scenarios 

Results from the STELLA simulations on management scenarios that showed positive 

returns in the CBA suggest that, in all cases except for one. farmers would not have the 

extra investment capital necessary to cover the first-year costs anticipated for a carbon 

project (Table 10). For poor households, the missing amounts are highest, ranging from 

$800 for a kad plantation to nearly $2,000 for the production of lOt of sheep manure. 

For medium-resource endowment farmers only two practices (3-year fallowing with 

manure and 4t cow manure) would be financially possible during Year 1. These are 

practices without any up-front cash requirements. Lacking funds for all other practices 

vary from $56 for cow manure in combination with fertilizer to $1,588 for the lOt sheep 

manure option. The situation for the rich household category is slightly better. In 

addition to the zero-first-year-cost options these households would also be able to cover 

initial costs for the fertilizer in the cow manure scenario. Here, lacking funds range 

from $106 for the 3-year fallow practice with leucaena prunings to $1,213 for the sheep 

manure option. 

Fig. 6 (a+b) illustrates how these deficits occur. In most cases, costs for carbon 

sequestration exceed the total household funds for a particular month or the amount 

available after satisfaction of all basic household needs. Although the majority of costs 

were allocated to months during which farmers are usually better off (February to 

1 
April) , some expenses inevitably occur at economically unfavorable times. Since this 

simulation is based on farmers' actual revenues and expenditures, as assessed through 

In general, farmers sell their crops in December and January, which allows them to invest in animals 
and social activities in early spring. In fact, most weddings occur during this time. 
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household surveys, and not on potential savings for carbon investments, the.results 

might overestimate the level of lacking funds. Nevertheless, the results clearly show 

how little additional money is available in small-scale farming systems in the research 

area and that any significant investments will require large sacrifices from rural 

stakeholders. 

Finally, the STELLA simulations indicate three other important factors that 

seem crucial for the design of suitable carbon sequestration programs; 1) the extent to 

which proposed management practices are likely to result in a build-up of household 

funds; 2) years required for 'take-off in household funds; and 3) level and duration of 

financial support required to make the first two happen. Fig. 7 shows the results for all 

three wealth groups and 'best' management practices, as derived from the CENTURY 

simulations (t C ha~^) and the CBA ($ tCT^). The practices used are as follows: 

agricultural intensification, 10-year fallow with animal fattening, lOt of sheep manure, 

conversion of cropland to grassland with live hedges (Acacia leatea), and 4t of cow 

manure combined with mineral fertilizer. 

Assuming that external financial support was provided to complement local 

investment capital, all five proposed practices are expected to result in increased 

household funds, ranging from $1,200-25,000 at the end of the investment cycle. Some 

options showed a clear 'take-off, a distinct point in time when gains from a 

management option resulted in steady cash accumulation. This is the case for sheep 

manure and grassland with live hedges where the sales of animals and highly valued 
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17 
seeds are important income-generating sources for all wealth categories. The same 

effect is reached under the intensification and cow manure with fertilizer scenario, 

although only for medium and rich households. The fact that poor farmers would have 

to purchase cows and animal fodder is likely to preclude a real take-off of household 

funds, although additional income would be generated due to the recurrent sale of 

purchased animals. This is also the case when animial fattening with bovines is 

introduced as an incentive to convert cropland to grassland. For better- endowed 

farmers this practice seems lucrative for the first 7-years only. Then, other options 

would be more profitable. 

Lastly, the simulation results show that both the amount and the time length of 

financial support vary considerably between practices and household types. Practices 

implemented by rich households are likely to require only short-term support (1-4 

years). The situation for medium households is fairly similar, except for the 10-year 

fallow option with animal fattening. For poor households, the results suggest the need 

for long-term financial commitments from external investors for all practices involving 

cattle and the necessary fodder. In contrast, management strategies with comparatively 

low overall costs and immediate revenues (animal fattening with sheep and valuable 

wood products) would require external support for less than five years. 

" The had plantation option also had a distinct take-off, although slightly later for poor households. 
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DISCUSSION 

The results from the cost-benefit analysis (CBA) and the household budget simulations 

confirm that computing one single cost estimate for a variety of possible management 

practices as well as local actors is not only inadequate but also misleading. There are 

indeed large differences with respect to the costs and benefits that can be expected as a 

result from improved management practices and land use change in the Old Peanut 

Basin. Undiscounted net costs vary from $100-1,400 tC~^ whereas undiscounted net 

benefits are calculated as $80-9,600 tC"^ Roughly half of all evaluated practices are 

likely to be profitable for medium and high-resource endowment groups of farmers, but 

only one practice appears profitable for low-resource endowment households (grassland 

with Acacia leatea live hedges). Equally large are the differences in investment capital 

and processes of household resource allocation between poor farmers on the one hand 

and better-endowed (medium and rich) households on the other hand, expressed in the 

differential need for financial support were all these practices to be implemented. The 

presented estimates, however, should not be misunderstood as set in concrete but rather 

as an attempt to portray, as accurately as possible, both the variation in key parameters 

and the underlying economic processes that are likely to influence project adoption. 

Nevertheless, there are several limitations to the CBA and the household model 

that warrant consideration. First, all calculations are based on the assumption that 

farmers will use a certain strategy on only one hectare and during 25 consecutive years. 

Given the adaptive and flexible management approaches farmers rely on to deal with 

their complex, diverse, and dynamic environments, this assumption is a good start, but 



probably not very realistic overall. Farmers will be more likely to use the same practice 

also on other fields, if it reduces total costs, or rotate several improved practices on the 

same piece of land over time, or a combination of both. 

Comparing results from a CBA performed on half of the land available to the 

three wealth categories (2ha, 4ha, and 6ha respectively) indicates that per hectare costs 

are likely to decrease for some strategies but increase for others. For poor households, 

options involving animals will become cheaper if applied on two hectares instead of 

one. In contrast, for better-endowed farmers, applying manure on half of their land 

instead of just one hectare would require more animals than they currently have, which 

increases expected costs per unit area. Land use change options will not result in any 

cost reductions if applied on a larger scale. As for NPV, the 'half-land' cost-benefit 

analysis shows higher profitability for practices with livestock but lower economic 

returns for land use change. 

No tests were performed assuming rotational sequences of management 

practices or land use options on one or more fields instead of a continuous 25-year 

period, primarily because of the sheer endless number of possible combinations. For 

actual carbon offset projects, however, such combinations will have to be taken into 

account. It is important to emphasize that, due to inevitable changes in input and output 

prices over time, it is highly unlikely to find an option that will always be the most 

profitable one (Ringius, 2001). This reinforces the argument that farmers as well as 

investors will be better off if a basket of management choices is made available from 
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which local land managers can choose, depending on individual needs, available 

resources, and market situation (Tschakert, forthcoming-b). 

Second, the cash-flow analysis assumes that farmers face complete capital 

constraints. In other words, it implies that farmers have no access to credit schemes or 

other external funds and, thus, are required to cover all accruing costs out of their own 

funds. Although actual credit options in 2001 were limited, this assumption is slightly 

flawed. A thorough analysis of credit options and informal lending schemes could 

improve this analysis. Also, the cash-flow analysis is based on actual 2001 household 

budgets, not taking into account potential savings farmers are likely to make for 

anticipated investments. Therefore, overall household deficits might be overestimated. 

Third, not taken into consideration are lag times between project promotion and 

implementation. As illustrated for a current carbon offset scheme in Mexico, the first 

project years served as a pilot phase during which farmers could experiment on a small-

scale while building up experience, consensus, and additional funds for subsequent 

years (De Jong et al., 2000). Allowing farmers to accumulate household funds will, to a 

certain extent, reduce the need for external support. However, applying two or more 

standards of financial support is likely to favor early adopters, who often are better-

endowed farmers, while penalizing the poor for spending more time saving scarce 

resources. This will require important ethical considerations for carbon investors. 

Fourth, the study does not take into account benefits that might occur through 

the Clean Development Mechanism (CDM), voluntary C-offset markets, and other 

market-based mechanisms. On the other hand, as demonstrated by Tschakert 
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(forthcoming-a), annual income from carbon trading in this part of Senegal is likely to 

be less than $10 ha~', which would not significantly change net benefits or net present 

values.'^ 

The major implications of this study are the recognition that small-scale farmers 

face differential opportunities and constraints, especially in terms of resource 

endowment and opportunity costs, as well as the pressing need to consider forms of 

financial support that are most suitable for overcoming limited investment capital 

among these farmers. As demonstrated, most of the proposed carbon sequestration 

practices would be profitable in the long run, but high up-front costs, ranging from $50-

3,000 per hectare, are likely to prevent farmers from implementing them. 

It can be argued that it is more than appropriate to ask society as a whole to 

compensate individual farmers for the efforts they would undertake to make the much 

acclaimed win-win situation through carbon sequestration happen - these efforts will 

increase local soil fertility, improve national agricultural sustainability, food and 

livelihood security, and contribute to global climate change mitigation. It would be 

unrealistic as well as unethical to expect some of the poorest farmers to subsidize their 

national economies as well as countries in the North (Izac, 1997). Mechanisms for 

equitable cost-sharing, especially for initial capital investment, have been proposed for 

improved organic matter resource management with and without the additional carbon-

offset component (Ayuk, 2001; FAO, 2001; Izac, 1997; Sanchez et al., 1997; Smith and 

A sale price of $15 per ton of C sequestered was used. This is higher than the $12 used in the Scolel Tc 
carbon offset project in Mexico (Tipper. 2002) and higher than the common range of $2.50-5.00 
indicated by Robert (2001). 



Scherr, 2002). The principle is straightforward: whoever benefits also pays. 

Compensation for farmers may occur in various forms, either in cash on an individual 

basis as ex-ante credit for the implementation of selected practices or as investments in 

communal services, such as schools, health clinics, extension programs, tree nurseries, 

marketing infrastructure, etc. In addition, effective micro-credits at reasonable interest 

rates could provide the necessary means to cover recurrent costs (Sanchez et al., 1997). 

A complementary set of national and international policies, as recommended by Izac 

(1997), should be put in place to tackle fundamental problems of rural poverty. Such 

policies might also include a reduction in input prices as well as an increase in farm gate 

product prices (Ayuk, 2001). As illustrated in the above sensitivity analysis, input prices 

and output prices for crops, animals, and tree products are most sensitive to changes, 

with significant impacts on the overall profitability of a management practice. 

How much of the total anticipated costs are likely to be shared between local 

smallholders and the global society will depend on the principal objective of carbon 

investors. Investors whose primary goal is to purchase low-cost carbon will probably 

strive for the lowest end of cost-sharing. Others, whose prime objectives include 

poverty reduction, livelihood improvements, and sustainable agricultural development 

will be more inclined to also cover costs for those who need it most, the poorest 

farmers. 

Finally, it should be stressed that, in addition to the lack of capital for initial 

investments, there are at least two other constraints that might prevent small-scale 

farmers from implementing profitable land management practices. The first is related to 
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insufficient information regarding the potential returns from some of the strategies 

discussed. For instance, the grassland option with Acacia leatea live hedges has been 

proposed by local agronomists but, so far, is not used by farmers. Thus, there is a clear 

need for more detailed information about specific technologies as well as marketing 

opportunities. The second constraint involves various sources of risks farmers are likely 

to associate with the adoption of alternative management practices and land use options. 

These include natural hazards such as drought and wild fires, unreliable governmental 

support and volatile policies, unsatisfactory institutional arrangements, corrupt 

middlemen who might embezzle payments assigned to local project participants, and 

uncertainty with respect to compensation for set-aside lands. A more detailed analysis 

on the differences in risks across low-, medium, and high-resource endowment groups 

could shed light on such additional constraints. 

CONCLUSION 

The potential of carbon sequestration in soils depends on a variety of biogeochemical 

aspects, including soil texture, precipitation, evapotranspiration, vegetation cover, and 

decomposition rates. To date, a multitude of publications exist assessing soil carbon 

storage capacities around the world. At the same time, it is a gross simplification to 

assume that a single estimate would suffice to capture the actual costs and benefits that 

are anticipated to occur at the local level. This paper has shown that there is much need 

for a more differentiated approach to the economic components of carbon offset 

projects. Costs, benefits, and overall profitability are as various as biophysical 
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parameters and need to be contextualized. They depend to • a large extent on the social 

and spatial differentiation with respect to farmers' existent resource-endowments as 

well as the type of management practices or land use options chosen to sequester 

carbon. Beyond these disparities, however, the results clearly suggest that management 

options that also include economically important by-products or income-generating 

activities will be more profitable and, therefore, more attractive to fanners, independent 

of their wealth status. Research and project design should more effectively target such 

alternative carbon management strategies, even if they increase initial investment costs. 

Cost-sharing mechanisms and complementary policies will have to be found to support 

rural agents in their local efforts that we hope will also yield global benefits. 

The major challenge for soil carbon sequestration schemes in complex and 

small-scale farming systems, in addition to institutional factors, might be to achieve an 

equitable participation of those we simply tend to all label 'poor'. A one-size-fits-all 

approach, ignoring the important differences in access to and control over resources, 

household dynamics, and decision-making processes that exist among rural 

stakeholders, risks widening rather than reducing the poverty gap. 
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Table 1: Impact of management practices on soil C (0-20cm horizon) compared to 2001 
C status in the West-Central Agricultural Region, simulated with CENTURY for two 
25-year periods (2002-2026; 2027-2050) 

Management practices Description Changes Changes 
in soil C in soiJ C 

(t ha"') (t ha"') 

First 25 years Second 25 years 
(2002-2026) (2027-2050) 

Millet-sorghum rotation (1:1) Annual rotation -3.18 -0.74 

Millet-groundnuts rotation (4:1) 5-year rotation cycle -3.12 -0.74 

Millet-groundnuts rotation (2:1) 3-year rotation cycle -2.99 -0.78 

Millet-groundnuts rotation (1:1) Annual rotation -1.62 -0.42 

Stubble grazing 20 cows graze stubble, November-December -1.24 -0.42 

Fallow+30cows-crops rotation (1:4) Summer grazing on fallow land; millet-groundnuts rotation -1.00 -0.65 

Fallow+animais-crops rotation (2:2) Low intensity grazing on fallow land; millet-groundnuts -0.95 -0.63 

Faliow+SOsheep-crops rotation (3:4) Summer grazing on fallow land; millet-groundnuts rotation -0.87 -0.58 

Fallow-crops rotation (3:4) No inputs, millet-groundnuts rotation -0.37 -1.00 

Horse manure 1.5t Millet-groundnuts rotation (4 yrs); 1 yr fallow+manure -0.77 -0.38 

Protection tod* and crops Millet-groundnuts rotation; trees protected with baskets -0.64 -0.30 

Compost 2t MUlet-groundnuts rotation; compost on millet 0.51 -0.17 

Grassland+grazing Cropland converted to grassland; low grazing intensity 1.46 0.60 

Fallow+manure-crops rotation (3:4) 2t of organic matter input on fallow land 3.43 -1.23 

Cow manure 4t Millet-groundnuts rotation; manure on millet 2.42 0.20 

Grassland Cropland converted to grassland 1.87 0.94 

Cow manure 4t+tertiUzer Millet-groundnuts rotation; manure+lSOkg fertilizer+150kg 
urea on millet; 150kg fertilizer on groundnuts 

2.99 0.18 

Sheep manure 5t Millet-groundnuts rotation; manure on millet 3.19 0.20 

Fallow+leucaena prunings-crops (3:4) 2t of leucaena prunings on fallow land 4.56 -1.15 

Grassland+protection kad* Cropland converted to grassland; trees protected with baskets 2.48 0.94 

Sheep manure lOt Millet-groundnuts rotation; manure on millet 4.25 0.37 

Fallow+tnanure-crops rotation (10:6) 2t of organic matter input on fallow land 6.17 -0.92 

Fallow+leucaena prunings-crops (10:6) 2t of leucaena prunings on fallow land 6.35 -0.95 
Kad* plantation (250-300 trees) Cropland converted to grassland; trees planted 5.81 5.30 

Optimum agricultural intensification Millet-groundnuts rotation+lyear fallow; 4t of manure on 
fallow; 5t of manure+2t of leucaena prunings on millet; 150kg 
fertilzer on groundnuts 

10.83 2.70 

* Kad = FaiSierbia albida 

Source: Tschakert (forthcoming-a) 
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Table 2: Average resource endowment by wealth category 

Poor Medium Rich 
household household household 

Total land (ha) 4 9 11 
Labor: adults/children/exterior (male 18-65 yrs) 4/4/3 (1.6) 8/8/5 (2.7) 7/8/5 (2.1) 
Fallow land (ha) 0 2 4 
Cows 0 7 9 
Sheep 3 7 15 
Goats 3 3 3 
Carts 0 1 1 
Income from agriculture (in $ yr^') 63 221 265 
Total annual income (in $ yr'^') 577 1,282 2,102 
Expenditures household goods (in $ week^') 6 13 15 
Millet consumption (kg/adult equivalent month"') 10.4 10.8 11.5 

Source: Household survey (2001) 
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Table 3: Cost and benefit categories 

CBA Category Description 

COSTS: 

- Inputs 

- Labor 

Purchase of tools, material, and other inputs necessary to implement and maintain a 

management practice; also includes the purchase of animals, animal fodder, veterinaiy 

products, and a cart for transporting organic matter to and from a field, unless already part 

of a household's resource endowment; 

Only taken into account when management practice requires more labor than available in a 

household. Calculated as opportimity cost of time, as specified by farmers for the dry and 

the rainy season. If management practice invol ves physically demanding work, labor costs 

are calculated on the basis of drudgery as perceived by farmers; 

- Rent forgone Average yield for millet and groundnuts that farmers could obtain per hectare if they did 

not switch to an alternative land use option; crop values at 2001 market prices; 

BENEFITS: 

- Increased crop yields 

- Animals and animal products 

- Tree products 

Additional income from millet and groundnuts as a result of improved management 

practice; calculated on the basis of farmers' estimates, experimental research results, and 

CENTURY simulation outputs; 

Income ftwrn the sale of offspring from animals purchased for carbon sequestration 

practice; sale of milk in the case of cattle; 

Income from selling pods, firewood, and valued seeds. 

Source: Fieldwork (2001) 
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Table 4: Summary of model sectors and parameters 

Sectors Parameters Description 

People 

Land allocation 

Climate 

Millet 

Household cash box Inflows: income from crops, animals, and carbon sequestration; 
remittances; income from off-farm employment; social receipts 
Outflows: purchase of goats, sheep, cattle, groundnuts seeds, millet 
seeds, millet, cowpeas, rice, and fodder; expenditures for education; 
social investments; expenditures for luxury goods; expenditures for 
carbon sequestration practice 

Men, women, children present at any time, and external household 
members present during 4 months of the year, calculated as adult 
equivalents 

Total land; land allocated to millet, groundnuts, cowpeas, and fallow: 
manure land; adults (men+women) 

Mean annual precipitation 

Inflows: production (yield, millet land); purchase 
Outflows: fraction of total stock allocated to consumption, sale, 
gifts, seed stock, and seeding 
Prices for millet sale and purchase; millet consumption per adult 
equivalent 

Groundnuts Inflows: production (yield, groundnuts land); purchase; 
governmental credits 
Outflows: fraction of total stock allocated to consumption, sale, 
gifts, seed stock, seeding, and reimbursement of credits 
Prices for groundnuts sale and purchase; prices for seeds received on 
credit; reimbursement rate 

Cowpeas Inflows: production (yield, cowpea land); purchase; gifts 
Outflows: fraction of total stock allocated to consumption, sale, 
gifts, seed stock, and seeding 
Prices for cowpea sale and purchase 

Cattle Inflows: birth (maximum TLU); purchase 

Outflows: sale; death 
Prices for cow sale (with and without animal fattening) and ptHchase; 
income from sale; animal fattening; herding 

Sheep Inflows: birth; purchase 
Outflows: sale; death; consumption 
Prices for sheep sale (with and without animal fattening) and 
purchase; income from sale; animal fattening 

Goats Inflows: birth; purchase 
Outflows: sale; death; consumption 
Prices for goat sale and purchase 

Manure Inflows: feces from cattle, sheep, and goats 
Outflows: fraction of total stock used on millet and groundnuts fields 
and lost as droppings on non-cultivated fields 

Remittances, social receipts, and social 
investments are a factor of random variation 
throughout the year 

People is a factor of yields (food need) and 
random variation (sickness, birth, death, 
temporary migration) 

Fallow is a factor labor availability and total 
land (only households with >6ha have fellow 
land) 

Based on records for Bambey (1960-2001) 

Yield is a function of aiuiual precipitation, 
organic matter input, and random variation; 
average prices, except for periods after low 
crop yields; millet consumption as a function 
of available cash for rice 

Yield is a function of annual precipitation, 
organic matter input, and random variation; 
average prices, except for periods after low 
crop yields 

Yield is a function of annual precipitation, 
organic matter input, and random variation; 
averse prices, except for periods after low 
crop yields 
Animal fattening as income-generating 
activity; average prices, except for periods 
after low crop yields 

Animal fattening as income-generating 
activity; average prices, except for periods 
after low crop yields 

Average prices, except for periods after low 
crop yields 

2/3 of manure on millet field, 1/3 on 
groundnuts field 

High if precipitation<500mm; low if 
precipitation>500mm 
For 1 ha (in kg) 

Fodder need Fodder need high and fodder need low as a function of annual 
precipitation 

Land rent Foregone production on millet and groundnuts field as a result of 
annual yields 

Carbon sequestration Inflows: Benefits (increased crop yields, animals, tree products) per For 1 ha; 11 management practices 
management practice as computed through the cost-benefit analysis 
Outflows: Costs (inputs, labor, forgone production) per management 
practice as computed through the cost-benefit analysis 

Source: STELLA model 



188 

Table 5: Costs of carbon sequestration per management practice and resource 
endowment category, calculated for a 25-year project period (in $) 

Poor Households Medium Households Rich Households 

Management practices First year costs Annual 
costs 

Y2-25 

First year costs Annual 

costs 
Y2-25 

First year costs Annual 

costs 
Y2-25 
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Compost 2t 1,076 123 0 129 139 93 0 26 139 93 0 26 

Conversion ag land to grassland 0 0 54 107 0 0 0 98 0 0 0 89 

Grassland + protection lead* (bastets) 124 2 54 109 122 0 0 100 122 0 0 9i 

Grassland + protection kad* (live hedges) 856 214 54 no 834 140 0 101 834 140 0 92 

Cattle manure 4t 1,435 20 0 370 0 0 0 0 0 0 0 0 

Cattle manure 4t + fertilizer 1,491 20 0 414 56 0 0 45 56 0 0 45 

Sheep manure 5t 1,033 35 0 108 702 0 0 70 388 0 0 40 

3yr fallow + organic matter 2t 162 12 54 57 0 0 0 0 0 0 0 0 

Sheep manure lOt 1,989 71 0 222 1,660 35 0 187 1,346 35 0 154 

3yr fallow + leucaena prunings 2t 268 0 54 57 106 0 0 0 106 0 0 0 

Kad* plantation (250 trees/ha) 648 21 54 112 642 9 0 103 642 9 0 94 

lOyr fallow + organic matter 2t 162 9 54 87 0 0 0 60 0 0 0 42 

lOyr fallow + 2t org. matter + animal fattening 3,011 9 54 2,651 2,849 0 0 2,625 2,849 0 0 2,607 

lOyr fallow + leucaena prunings 2t 268 0 54 89 106 0 0 60 106 0 0 42 

Optimum agricultural intensification 1,215 0 0 440 942 0 0 277 654 0 0 258 

* Kad = Faidherbia albida 

Source: Cost-benefit analysis 
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Table 6: Benefits from carbon sequestration per management practice and resource 
endowment category, calculated for a 25-year project period (in $) 

Poor Households Medium Households Rich Households 

Management practices First year benefits Benefits First year benefits Benefits First year benefits Benefits 
per year per year per year 
Y 2-25 Y 2-25 Y 2-25 
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Compost 2t 54 0 0 262 54 0 0 96 54 0 0 96 

Conversion ag land to grassland 0 0 0 0 0 0 0 0 0 0 0 0 

Grassland+protection kad* (baskets) 0 0 0 71 0 0 0 71 0 0 0 71 

Grassland + protection kad* (live hedges) 0 0 0 1,130 0 0 0 i,130 0 0 0 1,130 

Cattle manure 4t 54 162 0 371 54 0 0 120 54 0 0 120 

Cattle manure 4t + fertilizer 81 162 0 477 81 0 0 227 81 0 0 227 

Sheep manure 5t 8 0 0 268 8 0 0 249 8 0 0 176 

3yr fallow + organic matter 2t 0 0 0 21 0 0 0 21 0 0 0 21 

Sheep manure lOt 18 0 0 658 18 0 0 658 18 0 0 566 

3yr fallow + leucaena prunings 2t 0 0 0 29 0 0 0 29 0 0 0 29 

Kad* plantation (250 trees/ha) 0 0 0 356 0 0 0 356 0 0 0 356 

lOyr fallow + organic matter 2t 0 0 0 11 0 0 0 11 0 0 0 11 

lOyr fallow + 2t org. matter + animal fattening 0 2.434 0 2,733 0 2,434 0 2,610 0 2,434 0 2.733 

lOyr fallow + leucaena prunings 2t 0 0 0 19 0 0 0 19 0 0 0 19 

Optimum agricultural intensification 223 0 0 594 223 0 0 567 223 0 0 567 

*Kad - Faidherbia albida 

Source: Cost-benefit analysis 
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Table 7: Undiscounted net benefits of carbon sequestration practices per wealth 
category (in $ tC"') 

Management practice Poor Medium Rich 
Households Households Households 

Compost 2t 3,983 2,926 2,926 
Conversion ag land to grassland -1,399 -1,256 -1,142 
Grassland+protection kad* (baskets) -437 -324 -238 
Grassland + protection kad* Oive hedges) 9,420 9,567 9,653 
Cattle manure 4t -500 1,216 1,216 
Cattle manure 4t + fertilizer 81 1,470 1.470 
Sheep manure 5t 868 1,130 904 
3yr fallow + organic matter 2t -317 145 145 
Sheep manure lOt 1,980 2,268 2,005 
3yr fallow + leucaena prunings 2t -218 129 129 
Kad* plantation (250 trees/ha) 581 612 636 
lOyr fallow + organic matter 2t -329 -189 -120 
lOyr fallow + 2t org. matter + animal fattening -424 -284 -215 
lOyr fallow + leucaena prunings 2t -315 -171 -104 
Optimum agricultural intensification 249 576 644 

* Kad = Faidherbia albida 

Source: Cost-benefit analysis 
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Table 8: Net present values (NPV) for carbon sequestration management practices after 
a 25-year period (in $ ha '), based on a discount rate of 20%. 

Management practices 
Poor 

households 
Medium 

households 
Rich 

households 

Compost 2t -643 22 22 
Conversion ag land to grassland -603 -379 -260 
Grassiand+protection kad* (baskets) -549 -319 -201 
Grassland + protection kad* (live hedges) 2,155 2,476 2,595 

Cattle manure 4t -2,042 474 474 

Cattle manure 4t + fertilizer -1,128 720 720 

Sheep manure 5t -424 12 131 

3yr fallow + organic matter 2t -440 99 99 

Sheep manure lOt -119 395 433 
3yr fallow + leucaena prunings 2t -514 11 11 
Kad* plantation (250 trees/ha) -344 -116 2 
lOyr fallow + organic matter 2t -707 -260 -136 

lOyr fallow + 2t org. matter + animal fattening -1,116 -669 -546 

10)T fallow + leucaena prunings 2t -795 -344 -220 

Optimum agricultural intensification -1,037 11 408 

* Kad = Faidherbia albida 

Source: Cost-benefit analysis 



Table 9: Average effect of changes in input and output prices on NPV (in %) 

Price category 10% change* 25% change* 

Inputs 0-30 (max. 147) 0-60 (max. 368) 
Labor 0-5 0-12 
Crops 0-10 (max. 23) 0-15 (max. 57) 
Animals and tree products 9-30 (max. 142) 20-50 (max. 365) 

* Orginal NPV values relatively close to zero yielded very high percent changes that make the system appear 

more sensitive than in actually is. Therefore, these values were not included in the table. 
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Table 10: Simulated first-year investment situation for three resource-endowment 
categories 

Resource-endowment Number of practices Lacking funds Lacking funds 
category affordable in Year 1 (range in $) (mean in $) 

Poor 0 804-1,928 1,217 

Mediiim 2* 56-1,588 685 

Rich 3* 106-1,1213 588 

* Two of these practices can be implemented without any costs 



194 

Figure Captions 

Figure 1: The West-Central Agricultural Region ('Old Peanut Basin'), one of the three 
SOCSOM pilot study areas (I-Ill) in Senegal, with main research locations. 
Source: Map of Senegal: EROS Data Center/USGS 

Figure 2: Outline of data inputs and information flow to calculate the economic 
likelihood of adopting carbon sequestration practices among small-scale farmers in the 
Old Peanut Basin. Dark bold frames indicate the parts discussed in detail in this paper. 
Grey frames signify parts elaborated in cooperation with smallholders participating in 
the study. 

Figure 3: Conceptual diagram of the model showing the various sectors and major flows 
represented in the household model, as observed in the research villages in 2001. Dotted 
lines connect the household with other units beyond the household boundary. 

Figure 4 (a-f): Net present values (NPV) for 15 management practices after a 25-year 
project period without and with different levels of subsidies, using a 20% discount rate. 
Practices with negative NPV (black dot) are not profitable after a 25-year project 
period. Note that the height of cones is comparable within graphs but not necessarily 
between graphs. 
Source: Cost-benefit analysis 

Figure 5 (a-c): STELLA simulations representing weekly expenditures for household 
goods, millet, and rice over a period of 10 years (in $); a) poor households; b) medium 
households; c) rich households. Note the high frequency with which poor households 
lack necessary funds to purchase household goods and rice (expenditure = 0). Also, they 
often have to purchase millet, which reflects limited household stocks. In contrast, 
medium and rich households usually have enough millet in stock, and times during 
which funds for households goods and rice arc lacking are less frequent. 
Source: Household surveys (2001) and STELLA model outputs. 

Figure 6 (a+b); Monthly budget scenarios over a three-year period, comparing the costs 
for carbon sequestration with the total household funds and the actual cash available for 
the implementation of a practice, as simulated with STELLA. The actual available cash 
is the amount not used up by other household needs at a certain point in time. 

a) Poor household (5t sheep manure): costs exceed household funds in Month 2 and 
available cash until Month 8; afterwards, household can cover all costs. 

b) Medium household (optimum agricultural intensification): costs exceed 
household funds in Month 2 and available cash in Months 3 and 5; however, in 
Year 2 (Months 14-19), the household could cover the bulk of all costs; in Year 3 
(Months 27-35) costs exceed again the available funds. 
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Figure 7: STELLA outputs showing the simulated monthly increases and decreases of 
household budgets (in $), as a result of improved management practices, compared to a 
base case scenario (household cash flows without these practices). Also shown are the 
amounts of household funds that are missing to implement these practices and that, 
ideally, would be met by external financial support. Simulated for a period of 25 years 
and three resource endowment groups. For reasons of comparisons, the accumulated 
household funds are not used for 'luxury" investments. 
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Management practices 

P = Door household C A); M = medium household (A); R = rich household (A") 

Management practices on one hectare: 

1 Compost 2t 9 Sheep manure lOt 
2 Grassland 10 3yr fallow + leucaena prunings 2t 
3 Grassland + protection had* (baskets) 11 Kad* plantation (250 trees) 
4 Grassland + protection kad* (live hedges) 12 lOyr fallow + manure It + household waste It 
5 Cow manure 4t 13 lOyr fallow + 2t organic matter + animal 
6 Cow manure 4t + fertilizer fattening 
7 Sheep manure 5t 14 lOyr fallow + leucaena pmniugs 2t 
8 3yr fallow + manure It + household waste It 15 Agricultural optimum intensification 

* Kad = Faidherbia alhida 

Figure 4 
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APPENDIX D: 

Sectors of the STELLA Model 
"Household Budget and Decision-Making 

in the Old Peanut Basin, Senegal" 

Petra Tschakert' 

' Arid Lands Resource Sciences, University of Arizona, 
1955 E. 6'" Street, Tucson, AZ 85719, USA 
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APPENDIX E: 

Manual for soil and biomass carbon measurements 
in the Old Peanut Basin: 

Methods and measurement results 
from November and December 2001 

(in French and Wolof) 

Petra Tschakert^ 

' Arid Lands Resource Sciences, University of Arizona, 
1955 E. 6"' Street, Tucson, AZ 85719, USA 
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Outils necessaires 

IGPS 

1 boussoie (compas) 

1 feuille « direction aleatoire 

1 feuille « distance aleatoire: 

Des feuilles « arbres » 
(1 feuille par champ) 

2 metres (d'une longueur de 50m, de 
preference) 

1 bande de diametre 

4 cordes en couleur, 26 m de longueur 

1 grand cadre en bois (1 x 1 m) 

1 petit cadre en bois (50x50cm) 

5 piquets 

1 coupe-coupe 

2 couteaux 

1 couteau-scie 

1 pelle 

1 serpe 

1 marteau 

1 tamis 

1 rateau a main 
(pour recuperet la litidre) 

1 cisaille 
(pour couper la vegetation vivante) 

2 batons 

1 caliper (pour mesurer le diametre a hauteur 
de poitrine) 

50 sachets plastiques 

1(X) sacs plastiques 

100 Etiquettes 

1 grande boite en carton 
(pour transporter les outils + les echantillons) 
1 grand cylindre 
(pour enlever les echantillons de densite 
apparente) 

1 ensemble de petits cylindres (20-25), 
souvent sous forme d'une petite valise en 
metal (pour les echantillons de densite 
apparente) 

1 bidon/gourde d'eau 
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Iumtokaav 

1 GPS r • '// 
I| 1 WW ; 
••̂ r P 

•I*' 

1 busol r • '// 
I| 1 WW ; 
••̂ r P 

•I*' 

1 keyit (tand jel jublukaay) 

r • '// 
I| 1 WW ; 
••̂ r P 

•I*' 

1 keyit (tand jel serewaay) 

r • '// 
I| 1 WW ; 
••̂ r P 

•I*' 
ay keyity garab yi 
(tool bune benn keyit) 

r • '// 
I| 1 WW ; 
••̂ r P 

•I*' 
2 meetarukay 
(bu tollu ci 50cm) 

r • '// 
I| 1 WW ; 
••̂ r P 

•I*' 1 bandu jameetar 

r • '// 
I| 1 WW ; 
••̂ r P 

•I*' 
4 buum, na doon kuloor 
nda mu genna fes 
1 kaadara bant (Ixlm) 1 maartu 

1 kaadara bu ndaw (50x50cm) 1 tame 

5 pike (bant yu nuy samp) 1 rata bu ndaw 
(bi ngay fore nax ak xob yu ruus yi) 1 jaasi 

1 rata bu ndaw 
(bi ngay fore nax ak xob yu ruus yi) 1 jaasi 
1 siisoo by magg 
(boy daggee gkicax gi) 2 paaka 
1 siisoo by magg 
(boy daggee gkicax gi) 

1 sii (maanam paaka bu am ben) 2 bant (25 cm bune) 

1 peel 1 kaliper 
(natukaayu jameteru garab yi) 

1 sartu (paaka bu lonku, am ben bu 
nuy dagge nax) 

50 mbuusu paiastik 501 ndaw 

100 mbuusu paiastik yu magg 

oc- iH 

100 tiket yi ngay taf cii mbuus yi ak 
silendar yu ndaw yi 

oc- iH 

1 kees bu magg bu fiuy dugal jumtukaay 
ak esangtiyong yi 

oc- iH 

1 silendar bu magg 
(wala nattukaayu ni suuf si tancaloo) 

oc- iH 
Lu toll ci 20-25 silendar yu ndaw (wala 
nattukaayu ni suuf si tancaloo) fa ngay 
deencee mool yi, da fay faral di nekk ci 
ab weliisu wen bu ndaw 

1 satala wala gurdu ndox 
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Methode d'echantillonnage 
PUjuet nord 

Carre 
arinistes 
et herbes 

Carre sol 
et radnes 

Les mesures de carbone incluent 6 parties essentielles: 

- la mesure des arbres 
- la collecte de biomasse vivante 
- la collecte de litiere 
- la collecte des racines 
- la collecte de sol 
- les mesures de densite apparente de sol 

J Hquet 

SOm Piquet sM 

Void les etapes specifiques a suivre : 

1) Identifiez le centre du champ et enfoncer le piquet central 
2) Enregistrez la position exacte avec un GPS 
3) Identifiez les 4 directions (nord, sud, ouest, est) a I'aide d'une 

boussole (compas) 
4) Enfoncez 4 piquets avec a I'extremite de 25 metres dans chaque 

direction ; une corde bien visible et attach^ a chaque piquet * ' 
indique les dimensions du cadre d'echantillonnage j -

5) Pour delimiter les 4 angles principaux du cadre d'echantillonnage, mesurez 25 metres a partir 
des deux piquets nord et est et identifier le point d'intersection ; repetez cela pour les 3 autres 
angles principaux (sud-est, sud-ouest, nord-ouest) 

6) Comptez tous les arbres qui se trouvent a 
I'interieur de chaque sous-carre delimite et qui ont 
un diametre superieur a 3 cm; au cas de doute, 
mesurez le diametre avec le caliper 

7) Mesurez le diametre de chaque arbre retenu et 
notez le chiffre precis et le nom de 1'arbre sur la 
fiche « Arbres» 

8) Retournez au piquet central 
9) Choisissez une direction et une distance a partir 

des feuilles « Direction aleatoire » et« Distance 
aleatoire » 

10) Identifiez la direction choisie avec la boussole et la distance avec le metre 
11) Mettez le grand cadre au point desire, d'une fagon que le milieu du cadre indique la direction et 

la distance exacte choisies a la base des feuilles aleatoires 

12) Coupez toute vegetation a I'interieur du grand 
cadre et mettez-la dans un sac plastique 

13) Mettez petit cadre a I'interieur du grand cadre 
14) Col lection nez toute la litiere qui se trouve a 

I'interieur du petit cadre et mettez-la dans un sac 
plastique 

<2 



224 

15) 
16) 

17) 

18) 

19) 

r-

m 

22) 

23) 

24) 

25) 

26) 
27) 

28) 

29) 
30) 

31) 
32) 
33) 
34) 

Utilisez un tamis pour faciliter la coUecte de litiere i 
Choisissez un cote du petit cadre pour delimiter la surface (20x20cm) 
destinee aux echantillons de sol 
Creusez jusqu'a une profondeur de 8cm en mettant una partie du sol 
(une bonne poignfe) dans un petit sachet plastique 
Commencez a collectionner toutes les racines et mettez-les dans un sac 
plastique. Vous allez continuer cette collecte petit a petit jusqu'a une 
profondeur de 40cm 
Pour faciliter la collecte des racines, utilisez un tamis (sauf si le sol est Ires argileux ou huraide) 

20) Pour le prelevement de I'echantillon de densite 
apparente, verifiez I'etat du sol: si le sol est 
tres sableux, mettez de Feau sur la surface de 
8cm et laissez I'eau s'infiltrer pendant 10-15 
minutes 

21) Mettez un petit cylindre (4cm de hauteur) bien 
nettoye a I'interieur du gros cylindre et 
enfoncer-le dans la surface du sol; si 
necessaire, utiliser un marteau pour enfoncer le 
gros cylindre correctement et a la profondeur 
ad^uate 

Enlevez le sol qui se trouve autour du cylindre soigneusement avec un couteau ou une petite 
pelle jusqu'a ce que vous avez assez de place pour sortir le cylindre sans perdre la moindre 
quantite de sol 
Mettez le gros cylindre sur la tete et tenez-le bien tout en enlevant soigneusement la quantite de 
sol qui surpasse le petit cylindre, de preference avec un couteau 

Fermez le petit cylindre avec un 
des deux capuchons plastiques 
Tournez le gros cylindre et 
repetez la mgme procedure sur 
r autre cote 
Nettoyez bien le gros cylindre 
Continuez a creuser jusqu'a une 
profondeur de 20cm et ajouter 
une deuxieme poignee de sol a 
I'dchantillon dans le petit sachet 
plastique 
Continuez a creuser jusqu'a une profondeur de 28cm en enlevant une autre poignee de sol a 
mettre dans un deuxieme petit sachet plastique 
Repetez les etapes 18-23 (prelevement de I'&hantillon de densite apparente). 
Assurez-vous que chaque echantillon porte une etiquette avec la date, le numero de champ, le 
proprietaire du champ, le type d'echantillon (biomasse coupee, litiere, racines, sol + profondeur) 
Retoumez au piquet central 
Choisissez une autre direction et distance a I'aleatoire et repetez les etapes 10-31. 
Ramassez tous les outils 
Assurez-vous que tous les dchantillons sont bien fermes et portent une etiquette et mettez-les 
dans la grande boite. 

Felicitations ! Vous venez d'accompiir un travail scientifique important! 
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Naka la mw defee liggeev boobu 
Pike bet gdnnaar 

Kaare 
rusit yi 

Kaare suuf 
si ak reen yi 

kaarbon bi embna 6 pacc yu am solo: 

nattuni garab yi 
daggum gancax gi 
forum nax ak rusit yi ne d suuf si 
forum reen yi 
tibbum suuf si 
nattum suuf si, maanam mool gi 

50m bet siin 

Tank yi ngey jel ngir mottaii liggeey boobu: 

1) Seetal diggu tool bi nu tann bi te samp fa pike bu genna am solo ndax 
fa ndax sukandiku ngir door liggeey bi (maanam bant ba) 

2) Ak GPS bi jellal fi tool bi toll sax sax (fi niu feete) 
3) Ak busol bi woneel jublukaay yi (penku, soowu, bet siin ak bet gannar) 
4) Doorel ci pike dingu tool bi, wann 25 m ci jublukaay bune samp fa ab 

bant. Takkal ab buum bu fes ci Sent pikee yooyu wer pikee dig bi 
5) Bou gennvv sa nent konu kaare bu magg bi (fmgay jelle esangtiyong 

yi) natal 25m dale ko pike bet gannaar ak 25m dale ko penku. 
Wonneel fi nu tase foofu moy sa konu kaare bu magg bi. Defal noonu 
ci yeneen pike yi (penku-bet sii, bet siin-soowu, soowu-bet gdnnaar). 

6) Wannil garab yi ne ci suukaare bune te seen jameetar epp 3 cm. Boo amee xel naar ndax garab 
gi matna wala deet, nattal fi tollok sa denn bi ak kaaliper bi (caliper) 

7) Nattal jameetaru garab yi nu japp ydep te bind ko ak turu garab gi ci keyitu garab yi 
8) Dellul ci pike diggu tool bi 
9) Tannal fi nga wara jublu ak sorewaayam ci keyit bi yore jublukaay ak sorewaay yi 
10) Wonneel fi nga wara jublu ak busol bi te natt sorewaay bi ak meetar bi 
11) Teggal kaadar bu magg bi foo begg, waaye na diggu kaadar bi mengoo ak fi ng&n di jublu ak 

sorewaayam bi nu tiim ci keyit bi 
Daggal gancax yi ne ci kaadar bu magg bi yeep def ko ci mbuusu palastik 

13) Teggal kaadar bu ndaw bi ci biir kaadar bu magg bi 
14) Foral nax ak rusit yi ne ci biir kaadar bu ndaw bi 

yeep def ko ci mbuus bu ndaw 
15) Jelle! tame ndax yombal forum rusit yooyu 

16) Tannal benn boor ci kaadar bu ndaw bi (20 cm ci 
boor bune) maanam beneen kaare bu ndaw fi ngay jelle 
sa nattu suuf yi (esaantiyong yi) 

17) Gasal lu tolok 8 cm, tibbal loxo bu fees ak suuf 
soosu def ko cib mbuus bu ndaw 
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18) Tannal reen yi ne ci suuf si def ko ci benn nibuus 
bu ndaw. Foram reen yi dina wey ba ngay toll ci 40 cm 
ci xootaay 

19) Budee suuf si tooyul lool wala mu bane, jellel tame ndax 
mu yombal la forum reen yi 

20) Bala nga tambale natt ni suuf si tancaloo (mool yi) xoolal, 
bu suuf si joore lool, sottil ndox ci pax mi, boo tolloo ci 8 
cm, bayyi ko 10 jem ISminite ndax mu fend 

21) Fompal silendar bu ndaw (moolukaay taxawaayu 
4 cm) dugal ko ci biir silendar bu mdgg bi, samp 
ko ci biir suuf si. Bu jafee samp, jellal martu dacc 
ko 

22) Gasal dindi suuf si ne ci boom silendar bi ak 
paaka wala peel bu ndaw, ba nga menna genne sa 
silendar te doo nakk dara ci li mu mool 

23) Elbatil silendar bi, mu t&n, maaselel sa mool bi 
ak paaka 

24) Jelal benn kubeer tej sa silendar bu ndaw bi (wala pot) 
25) Teyel boppu silendar bu mag bi wanaar ko jem ndeyjoor ak cdmmoon, dindil sa mool 
26) Fompal sa silendar bu magg bi bu bax 

27) Dellul gasaat pax mi ba toollok 
20 cm. Tibbaatal benn loxo 
suuf def ko ca mbuusu suuf bu 
njek ba 

28) Dellul gasaat ba toolok 28 cm. 
Tibbal ci suuf soosu def ko ci 
beneen mbus (maanam 
fiaareelu mbuss bi) 

29) Tambalewaatal ci tanku 18 jem 
23 maanam fa fore reen yi ba 
fa ngay dindee sa mool 

30) Buleen fatte taf tiket yi ci natt (wala esangtiyong) bune, na wone bis bi, nimero tool bi, ku 
moom tool bi ak xeetu natt bi wala esangtiyong bi (gancax gu taxaw gi. rusit yi reen yi, suuf si 
ak mool yi) 

31) Dellul ci pike wala bant diggu tool ba 
32) Gemel tannaat ci keyit bi, feneen fi nga wara jublu ak 

sorewaayam; toopaatal tank 10 ba 31 
33) Foral sa jumtukaay yi y&p 
34) Na la woor ne tej nga sa esangtiyong yi yeep te 

bune yore tiketam. Dugal leen ci waliis bu ndaw bi, 
tej ko. 

"I 
i-ug!' 

I 
m 

m 

W 

Ngacc ngalaama! mottali ngeen liggeey bu am maana! 



Resultats des analyses de laboratoire 

Risiltaawn analiisu labooratuwaru 
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Carbone Total / Kaarbon bi veep 
(tonnes par hectare / naata ton ci benn hectare) 

Thflla Ounte NgodjOenie Thiaytou 

<u o 
cj c 5 

cd O 

W 5 cs u 

m m 

bO .2 

H C arbres - K garab yi 
B C arbustes+ herbes - K gancax gu ndaw gi 
H C litiere - K rusit yi 
• C racines - K reen yi 
• C sol - K suuf si (0-20cm) 
^ C sol - K suuf si (20-40cni) 

C = carbone / K = kaarbon 

Le champ avec le maximum de carbone dans le sol dispose d'un sol tres argileux ! 
Tool bi yore kaarbon bu epp bi ci suuf si dafa am ban bu baare ! 



Chai p Propriitaire Cultures ou Argile Argile + Densite Density Ph eau N%> C arbre C C C, sol : C sol Carbone 
jachSre 2001 + 

limon 
% 

0-20cm 

Ilmun 
% 

20-40cm 

apparente 
0-20cm 

apparent^ 
20-40cin 

arbustes 
+ herbcs 

r- litiere 

racincs O-JOc 20-
40cin 

Total 

tool boroni tool mbey mi woia ban % ban % tancaloo tancaloo ph azote K K K bi ci K bi ci Kbi Kaarbon 
mbooyu atum 200} 0-2 0cm 30-40cm suaf si 

0-20cm 
suuf si 

20-40cm 
(liy 

wone 
wexayu 
suuf si) 

%o gsrab 
yi 

, . 

gancax 
gu ndaw 

gi 

reen yi suiifsi 
0-2®cm : 

sunt si 
20-40 

CiTi 

bi yeep 

(toHBe !»• hectai*e / Haata ton ci tenn hectare) 
Diilla Ouiite 

1 ^ Cheikh ^lla mil/dugub 2.7 4.61 1,64 1.57' 5.86: 0.27 0,00 0,81 0.80 11.7: 8.2 21.5 

2 AliouThioune miVdugub 4.2 5.5 1.63 1.56 5.42 0.29 0.55 4.02 0.63 14.4 12.3 31.9 

3 , Serigiie T ouba Sylla avachide/gerte 5.8 6.9 1.61 1.54 5.55; 0,30 14.50 2.91 0.35 19.8: 10.9 48.5 

4 Modou Fall jachere/mbooy 4.7 5.4 1.67 1.60 5.21 0.22 0.05 2.34 0.42 11.0 8.9 22,7 

S Ant a Beye arachide/gerte 2.3 2.7; 1.68 1.62 6.05 0.29 0.03 1.17 0.21 14.3 9.4 25.1 

6 Bara Thioime arachide/gerte 3.1 5.9 1.67 1.60 5.61 0.24 17.29 1.83 0,66 14.6 10.0 44.4 

7 Champ de Femmes jachere/mbooy 5.5 6.6 1.67 1.60 5,72 = 0.30 13.28 2.08 0.80 17.1; 10.7 44.0 

Ngodjileme 

1 : Niokhobaye Diouf mil+araoh/dugub-t gsrte 4.1 6.1 1.79 1.79 5,85 0.19 2.35 0.59 0.27 10.8 9.1 23,1 

2 Modou Ndaw mil/'dugub 4.7 6.8 1.65 1.62 5,93 0,16 1.32 2.02 0.58 12.1 10.9 27,5 

3 Koly SaiT mil/'dugub 3.8 6.6 1.69 1.58 6,14 0.16 16.51 2.88 0.79 11.7 10.6 42,5 

4 Daouda Thiart (lofne sor^o/T>asi 20.2 28.4 1.72 1.57 8,20: 0.60 6.46 0.65 1.06 28.6 41.3 78,1 

S Daniel Ndiaye mil/dugub 4.8 7.3 1.64 1.66 6,61 0.22 5.95 5.09 0,68 11.7: 10.6 34.0 

6 Daouda Thiarc (kad) mil+past4q./dugub+xaal 5.9 6.9 1.67 1.67 5.28i 0.22 10.12 6.04 0.35 10.9 9.5 36.9 

7 Mbay e Fay e arachide/gei'te 7.8 13.4 1.65 1.57 5,72 0,21 0.31 0.91 0.92 10.4 8.3 20.8 

'niiaytou 

1 Massamba Kane past4ques/xaal 3.9 4.9 1.59 1.52 6.751 0,24 5.35 1.03 0.52 18.6 8.9 34.4 

2 Oiamane Kane mil/'fhigub 3.7 4.8 1.57 1,50 6.65 0,13 19.27 1.50 1.72 9.3 6.4 38.2 

3 Ibrahima Ndour arachide/gerte 3.6 4.3' 1.62 1,63 5.99 0.15 6.28 0.87 0.86 7.9 7.1 23,0 

4 AlHassan Ndiagne jachere/mbooy 5.7 7.3 1.58 1,57" 5.49: 0.13 0.48 1.87 0.49 9.1 7.6 19.5 

5 Modou Ndella Ndiaye miVdugub 5.2 7.2- 1.63 1.51 5.24 0.10 1.94 2.79 2.36 8.1 6.8 22.0 

6 Abdou Diop jachere/mbooy 5.0 6.7: 1,60 1,54 6.49 0.16 1.20 3.03 1.24 9.1 8.2 22.8 

7 Goia Ning mil/dugub 6.8 8.7 1.59 1.56 5.85: 0.26 0.68 14.61 3.12 20.1 9..5 48.0 
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Mesures de Carbone / Nattam kaarbon bi 

¥illage/Dekk bk Position GPS/Fu nin feete d GPS M; 

Cliaimp/Tool M; 

Proprietaire/Ku moom tool bi: 

Date/Bis bi: 

DirectioB initiale du carre de prelevemenl/Fu kaare bi jelle natt yi tollu wala jublu; 

Sous-Carre I Sous-Carre II Sous-Carre III Sous-Carre IV 
DiamMre arbre (cm) DiamMre arbre (cm) Diamdtre arbre (cm) Diametre arbre (cm) 

Suukaare1 Suukaare2 Suukaare 3 Suukaare 4 
jameetaaru garab yi 

(cm) 
jameetaru garab yi 

(cm) 
jameetaru garab yi 

(cm) 
jameetaru garab yi 

(cm) 
1 1 1 1 

2 2 2 2 

3 3 3 3 

4 4 4 4 

5 5 5 5 

6 6 6 6 

7 7 7 7 

8 8 8 8 

9 9 9 9 

10 10 10 10 

11 11 11 11 

12 12 12 12 

13 13 13 13 

14 14 14 14 

15 15 15 15 

16 16 16 16 

17 17 17 17 

18 18 18 18 

19 19 19 19 

20 20 20 20 

21 21 21 21 

22 22 22 22 

23 23 23 23 

24 24 24 24 

25 25 25 25 



230 

Tableau de Chiffres Aleatoires / Seefer vi ngav tand lei: 1-33 

6 12 28 7 3 14 19 4 17 4 

11 13 8 9 2 1 19 20 10 15 17 13 

7 11 9 8 26 31 29 32 12 18 16 6 

17 32 16 19 6 4 9 10 15 32 33 2 

7 5 17 14 19 20 28 21 19 10 16 23 

1 4 10 19 17 33 5 14 12 3 8 7 

14 29 21 17 16 8 3 9 18 12 11 10 

33 21 18 6 3 13 19 20 22 28 31 30 

26 4 15 17 23 33 21 2 8 10 19 32 

14 5 3 12 10 19 27 24 33 13 11 8 

21 19 20 26 28 4 11 18 15 28 30 9 

16 13 8 5 19 2 1 19 20 22 30 11 

18 26 14 19 28 22 21 33 32 17 6 9 

3 17 2 13 19 25 30 19 17 15 5 2 

3 21 27 4 17 13 30 29 21 5 18 23 

22 27 14 6 9 14 11 26 32 29 3 7 

9 15 2 17 26 31 27 5 17 24 31 8 

12 10 25 24 13 10 7 9 4 23 21 30 

27 16 4 18 5 7 31 12 18 4 2 17 

19 25 27 20 5 2 8 17 6 13 24 10 
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Tableau de Directions Aleatolres I Tand lel fi nga wara iublu: 

N E NO s SE N O E SO S O s 
SO NW E s NE SO O N s o NO SE 

SO N S o NE SO SE O NO E N s 
NO SE NE s E o NE SO E N S NO 

s NE N E NO s S E SO N NE SO 

E S NO SE NE N S E NO O E SO 

NE N O E SO NE NO S E NE SO O 

E SO NE E SO N E o SO NE E N 

NE SO E S NO S E NE SE O E N 

NE so O N E SO N E NO SE S E 

N NE SO O S N E SE SO N O NE 

NO s E N E SO N SE SO S o N 

NE so o N SE NO O E SO N E S 

NO NE SE S E O NO S E SE N s 
O E N NE SO NO E N S NO E N 

s NO NE NO SO N O S E NE O NE 

o E S O NO SE E N S NO SE E 

N O J? JCi NO E SE N O SE E S NO 

© Equipe Awa Mbengue (Pctra Tschakert), Tucson, Arizona. 


