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Introduction

Why are grazing lands important globally?

More than half of the world’s land surface is grazed (Follet and Reed, 2010) and just under one third
(31%) is grassland (including grasslands, shrublands and savannah) (Petri et al., 2010). Grazing lands
therefore represent a huge stock of carbon (C), not because of their C content (which is relatively low
per unit area) but because of the vast area they occupy. The majority of this C stock is held in the soil
and can be influenced by environmental factors and management. There is, therefore, scope for existing
stocks to be maintained and, in degraded grazing lands, for depleted stocks to be increased. This makes
grazing lands of great interest in terms of sequestering carbon from the atmosphere as a means of
mitigating climate change, with estimated sequestration rates of ~ 0.6 gigatons (Gt) CO, equivalents yr™
(Gerber et al., 2013). It has been estimated that grazing lands account for a quarter of potential C
sequestration in world soils (Follet and Reed, 2010). Despite this, they are neglected in terms of
inclusion in mitigation strategies.

Increasing carbon stocks in grazing lands is a 'win-win' strategy. It improves water infiltration and
cycling, increases productivity and is linked to increased biodiversity both below and above ground. In
addition, grazing lands support some of the world's poorest people (Neely et al., 2010) and livestock is
growing as a sector, accounting for up to 50% of GDP in countries with significant areas of rangeland
(World Bank, 2007). We therefore have a window of opportunity to improve livelihoods, mitigate
climate change and provide a range of other environmental benefits through C-friendly management of
grazing lands.

Why focus on Sub-Saharan Africa?

Sub-Saharan Africa is home to 23% of the world’s poor, the majority of who depend on livestock for
some part of their livelihoods (Thornton et al., 2002). There are an estimated 25 million pastoralists and
240 million agro-pastoralists in Sub-Saharan Africa (IFPRI and ILRI, 2000). Increasing population levels,
loss of grazing lands to cropland, urbanisation and enforced settlement are threatening grazing lands
and many of the traditional systems which have been practiced for hundreds of years. There is a need to
show the benefits of grazing lands in terms of the services they provide including the role they can play
in climate change mitigation. Batjes (2004) estimates that grasslands in Africa have the potential to
sequester between 7 — 42 Tg C year . In addition, climate change is already having an impact (changing
rainfall and temperature regimes) in arid and semi-arid regions of Sub-Saharan Africa where livelihoods
are mainly supported by livestock, with future impacts predicted to be most negative for grasslands
around Senegal and in Southern Africa, where Namibia, Botswana and South Africa meet (van de Steeg
et al,, 2013). Many management strategies which increase above and below ground carbon stocks,
thereby benefitting climate change mitigation, can also have adaptation benefits, leading to improved
use of scare resources such as water and manure.

What is the purpose of this report?

This report is a detailed review, synthesis, and analysis of the current “state of the science” concerning
the potential for carbon sequestration in grazing lands through improved land management practices in
Sub-Saharan Africa (SSA). It aims to provide an up-to-date assessment of the science of C sequestration
from improved land management, including the current levels of uncertainty, major gaps in knowledge
and data, areas for near term research and development, major determinants of sequestration
potential, and current and potential scientific monitoring tools. The report firstly gives an overview of
current grazing lands in SSA (Chapter 1) and explores the major determinants of C sequestration in
grass/rangeland systems (Chapter 2). It then considers current research work on C impacts of grazing
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land management systems (Chapter 3). Available measurement techniques are summarized in Chapter 4
and a map based approach is then used in Chapter 5 to estimate present C stocks in grazing lands in SSA.
This is followed by Chapter 6 which looks at available modeling techniques and Chapter 7 which
presents a model based estimate of C sequestration potential in grass/rangelands in SSA. The final
chapter (Chapter 8) provides a synthesis of the report’s findings.

Who will the output be helpful to?

This work has been supported by USAID and the output aims to provide USAID with an up-to-date
assessment. In addition, it is hoped it will be useful to other funding bodies (GEF, World Bank, bilateral
donors, etc.), non-governmental organizations (NGOs) (both national and international), policy makers
and scientists who support climate change mitigation and adaptation work in Africa.



Chapter 1. Current types of grazing lands in Sub-Saharan Africa and associated management practices

Andre Bationo®, Robin Reid” and David Swift?
1 Alliance for a Green Revolution in Africa, Ghana. 2 Colorado State University, USA.

1. 1 Introduction

Sub-Saharan Africa (SSA) covers an area of ca. 2.4x10° ha of which ca. 35% is permanent pasture (Table
1). Two-thirds of SSA is made up of arid and semi-arid lands. Over 60% of the population of SSA depends
on agriculture (including pastoralism) for their livelihood and agriculture accounted for on average 29%
of GDP between the years 1998 and 2000 (IAASTD, 2009). Approximately 65% of agricultural land, 35%
of permanent pastures and 19% of forest and woodland in the region are estimated to be affected by
some form of degradation (Oldeman, 1994; WRI, 2005). Approximately 25 million pastoralists and 240
million agro-pastoralists depend on livestock as their primary source of income (AU-IBAR, 2012). Soil
erosion and land degradation represent a major threat to food security in SSA rangelands (Kiage, 2013).
Climate change poses additional challenges and threats to livelihood and sustainable development
objectives within the region.

Table 1. Land use in Sub-Saharan Africa ca. 2002 (WRI, 2005).

Land-use Cover (%)
Permanent pasture 35
Arable and permanent cropland 8
Forested (FAO estimates for 2000 20
>10% cover)
All other land 37
Total 100

1.2 Major Livestock Production Systems in SSA

Grazing lands are defined as “land used for animal production e.g. natural or semi- natural grasslands,
open woodlands, improved or planted pastures” (WOCAT, 2008). Therefore grazing lands can include
non-grasslands. Grazing lands represent both a source of animal feed and a key element in biodiversity
protection. Most rural people living in SSA rangelands are agro-pastoral, combining small-scale farming
with livestock keeping, or specialize in herding (pastoralists) or farming (Homewood, 2004). In much of
SSA, grazing lands are primarily governed by common-property regimes, which enable people to pool
and reduce the risks associated with variable forage production. The ability of the land to sustain
increasing numbers of livestock owners without damaging the environment will be determined in part
by the way the users themselves can govern access to and use of this vital resource (McCarthy et al.,
1999).

In SSA, grazing lands can include rangelands, croplands, and forestlands. Across these land cover types,
different livestock production systems can be distinguished. These include pastoralism, agro-pastoralism
and mixed crop-livestock systems. Livestock production systems in SSA are determined by rainfall
amount and seasonality (uni-modal or bi-modal), population density and cultural predispositions. In very
general terms it can be said that historically pastoralism dominates in the drylands of eastern Africa
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while limited crop-livestock integration and agro-pastoralism dominate in the dryland ecosystems of
western Africa and that this difference can be attributed partially to bi-modal versus uni-modal rainfall
patterns (Ellis and Galvin, 1994). Figure 1 provides the most recently updated map of global livestock
production distribution in Sub-Saharan Africa.
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Figure 1 Livestock production systems in SSA (Robinson et al., 2011). Legend: LGA Livestock only
systems, arid and semi-arid, LGH Livestock only systems, humid and sub-humid, LGT Livestock only
systems, highland/temperate, MRA Rainfed mixed crop/livestock systems, arid and semi-arid, MRH
Rainfed mixed crop/livestock systems, humid and sub-humid, MRT Rainfed mixed crop/livestock
systems, highland/temperate, MIA Irrigated mixed crop/livestock systems, arid and semi-arid, MIH
Irrigated mixed crop/livestock systems, humid and sub-humid.



Pastoralism

The term ‘rangeland’ is used more narrowly than grazing lands to describe “land on which the
native vegetation (climax or natural potential) is predominantly grasses, grass-like plants, forbs, or
shrubs”. Rangelands include natural grasslands, savannas, shrub lands, most deserts, tundra, alpine
communities, coastal marshes, and wet meadows. Rangelands occupy 51% of the terrestrial land
surface and contain ca. 36% of the world’s total carbon in the above and belowground biomass.
Rangelands make up ca. 43% of Africa’s inhabited surface. These lands are very diverse and
characterized by high variability in terms of rainfall, grazing intensity, vegetation dynamics, and the
effects of biotic and abiotic variables. Recent studies suggest that most arid and semi-arid rangeland
systems exhibit both equilibrium and non-equilibrium states at different scales, which implies a
management approach that takes into account temporal variability and spatial heterogeneity (Okayasu
et al., 2011; Vetter, 2005). In SSA, much of the rangeland is utilized by nomadic pastoralists who move
their herds and flocks over extensive areas during the course of the year to find water and grazing for
their livelihood (Hodgson, 1999). This is predominantly the case in the drylands of eastern Africa, due
in part to the bi-modal rainfall regime with insufficient rainfall in either rainy season to reliably sustain
crops (Ellis and Galvin, 1994).

Pastoral grazing strategies in SSA form sophisticated management systems to sustain human life in
harsh environments. Pastoralists have been, and continue to be, the custodians of African rangelands.
Pastoral systems are one of the dominant forms of livestock production system in SSA and are found
mainly in arid and semi- arid areas, and in limited areas in the sub-humid zones in East Africa and West
Africa (Sandford, 1983; Wilson et al., 1983; Ellis and Swift, 1988). In the drier areas of northern Kenya
and Southern Ethiopia, crop agriculture is impossible or unreliable and the pastoral scene is dominated
by extensive nomadic pastoralism as in Turkana and Borana (Ellis et al., 1987).

Pastoral institutions need to be understood and built upon when contemplating actions to improve
carbon management. For example, there is an extensive literature about traditional rules concerning
grazing movement to sustain grazing productivity and thus the resilience of pastoral livelihoods (Ellis and
Swift, 1988; McCabe, 1990, 1994, 2004; Behnke, 1999; McCabe et al., 1999; Niamir-Fuller, 1999; Turner,
1999; Fernandez-Gimenez, 2002; Homewood et al., 2004; Vetter, 2005; Fernandez-Gimenez and Le
Febre, 2006; Reid et al., 2008; Butt et al., 2009; Nkedianye et al., 2011; Turner, 2011; Goldman and
Riosmena, 2013; Tsegaye et al., 2013). These institutions (rules and norms) determine when and where
people graze, for how long, with what types of livestock, who uses which water source, and how to
judge grassland health. These pastoral institutions and norms have developed over the last 7000 years,
when pastoralists became the first people to produce food in much of Sub-Saharan Africa (Marshall,
1998; Marshall and Hildebrand, 2002), and they are still negotiated today. This is especially true in the
face of major development changes in pastoral systems, especially in areas near towns and market
centers, but also in more remote rangelands where unprecedented changes in climate are starting to
occur and options for movement are more restricted than in the past (Reid et al., 2008). Pastoral
systems have been developed to sustain life in rangelands where vegetation and water resources are
often ephemeral in time and patchy in space, and pastoral movement to these ephemeral patches is a
critical strategy to improve milk and meat production (Boone and Hobbs, 2004).

Agro-pastoralism

Agro-pastoralism is found in the semiarid, sub-humid and humid tropics and in tropical highland areas
(Sere and Steinfeld, 1996). Livestock are dependent on natural forage and cropping is important but
there is low integration with livestock. Livestock productivity is higher than in the pastoral system but



still insufficient to meet the needs of the growing population in SSA. This system is particularly well
developed in densely inhabited areas of eastern and southern Africa where cold storage facilities allow
for longer-term storage of meat. Agro-pastoralism is growing in eastern Africa in areas traditionally used
for nomadic pastoralism which are becoming ever more fragmented by the encroachment of cropland
(Greiner, 2013).

In West Africa there exist transhumant systems in which livestock are taken north into the Sahel during
the wet season to graze and then return south to the higher rainfall zones where they graze on crop
residues (Brottem et al., 2014). The owners of the fields may be from the same or different ethnic
groups. This seems to be a fairly symbiotic relationship in which the pastoralists gain livestock fodder
and the agriculturists gain manure and urine inputs to their fields (high nitrogen inputs in exchange for
low nitrogen contributions). It is not clear what the net C sequestration balance for these fields is. This
is a type of integrated agro-pastoral system in which the two components are spatially separated by
quite long distances.

There are also agro-pastoral systems in eastern Africa (Coppock, 1990), but there the movements of
livestock are not transhumant. There may be situations in which the agro-pastoralists are essentially
sedentary, living near their fields and grazing their livestock within a restricted grazing radius of that
location, returning to the central place every night. In this case, there are opportunities for manure to
be collected and used in the fields. In other cases the fields and the grazing areas may be more distant
from each other and grazing more extensive with less frequent return to the central place. These types
of systems are becoming more common in East Africa wherever rainfall is sufficient to support
production of a crop fairly consistently (annual precipitation >700 mm) and where there is movement
towards privatization of the lands (Bekure et al., 1991) as is found on the Maasai steppe and in the
Kajiado district in Kenya.

Mixed crop-livestock system

In these systems, crops and livestock are integrated on the same farm with livestock commonly grazed
on cropped areas. These systems are widespread in rain-fed areas (Thomas, 2006), and form the
backbone of smallholder agriculture (Devendra et al., 2005). These mixed systems predominate in
humid and sub-humid agro-ecological zones but they are also found in arid and semiarid tropics and the
tropical highlands of East and West Africa. Ruminant animals graze native pastures and use crop
residues as additional feed sources after harvest, whereas non-ruminants depend on crop by-products
and household kitchen wastes.

1.3 Grazing land Management Practices in SSA

Across these different land use systems, farmers and livestock keepers use a wide range of management
practices to primarily achieve profitable gains (food security, livelihoods, income, etc.) but also to
improve the “condition/health” of the grazing lands. Most, if not all, of the management practices aim
predominantly to a) reduce and combat land degradation, b) restore/rehabilitate the land, and c)
improve land productivity for livestock production. Therefore all have a potential impact on carbon
stocks in soils and biomass.

These management practices include:
- Grazing management: controlled grazing management practice is considered beneficial in
conditions of poor vegetation cover, overgrazing and degraded soils, and is considered as the
most promising sustainable land management practice to restore degraded rangelands as it



enhances the vigor of mature perennial grasses (AU-IBAR, 2012). Rotational grazing is a
management system based on the subdivision of the grazing area into a number of enclosures
and the successive grazing of these paddocks by animals in a rotation so that not all the area is
grazed simultaneously. The main principles of rotational grazing are: (1) control the frequency at
which pasture is grazed, (2) control the intensity at which the pasture plants are grazed by
controlling the number of animals which graze each paddock and their period of occupation,
and (3) reduce the extent of selective grazing by confining a relatively large number of animals
to a small portion of the rangeland.

Livestock management: control of the stocking rate, animal breeds and species, improved
feeding practices.

Restoration of degraded rangelands: by vegetation management - use of fire, chemical control
and re-vegetation of degraded and bare lands, introduction of grass species with higher
productivity, or carbon allocation to deeper roots, have been shown to increase soil carbon -
other land management (e.g. soil and water conservation practices, agro-forestry, fencing,
nutrient management, etc.).

Table 2, an excerpt from Smith et al., (2007), lists proposed measures for mitigating greenhouse gas
emissions from grazing lands and livestock production systems, their apparent effects on reducing

emissions of individual gases where adopted (mitigative effect), and an estimate of scientific confidence

that the proposed practice can reduce overall net emissions at the site of adoption. Chapter 3 of this

report reviews the current science surrounding the carbon impacts of grazing land management systems
and practices in Sub-Saharan Africa.

Table 2. Measures for mitigating GHG emissions from livestock production systems
(from Smith et al., 2007)

Measure Examples Mitigative Effects® Net Mitigation®
CO2 | CH4 | N20 (confidence)
Grazing land Grazing intensity +/- +/- +/- * *
management/ | Increased productivity + +/- * ok *
pasture (fertilizers) + +/- ok ok
improvement | Nutrient management + + +/- * *
Fire management + +/- * *k
Species introduction
(including legumes)
Restoration of | Erosion control, organic + +/- kK %%
degraded amendments, nutrient
rangelands amendments
Livestock Improved feeding practices + + *okk *okk
management | Specific agents and dietary + *k *kok
additives + + ok *
Structural changes, animal
breeding
Manure/ Improved storage and + +/- ok ok % %
biosolid handling + +/- ok ok *
management | Anaerobic digestion + + ok ok ok
More efficient use as
nutrient source

10



Notes
® + denotes reduced emissions or enhanced removal (positive mitigation effect)

- denotes enhanced emissions or reduced removals (negative mitigation effect)

+/- denotes uncertain or variable response
°A gualitative estimate of the confidence in describing the proposed practice as measures for reducing
net GHG emissions. Agreement refers to the relative degree of consensus in the literature (the more
asterisks the higher the agreement). Evidence refers to the relative amount of data in support of the
proposed effect (the more asterisks the more evidence).
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Chapter 2. Analysis of the key determinants of Carbon sequestration in grass/rangeland systems in
different conditions

Rich Conant - Colorado State University, USA

All ecosystems — forested ecosystems, agro-ecosystems, grassland ecosystems, etc. — take up
atmospheric CO, and mineral nutrients and transform them into organic products. Ecosystems are thus
a major source and sink for the three main biogenic greenhouse gases — CO,, N,0, and CH,. In
undisturbed ecosystems, the carbon balance tends to be positive: carbon uptake through
photosynthesis exceeds losses from respiration; even mature, old-growth forest ecosystems take up
slightly more carbon than they release (Stephens et al., 2007; Gough et al., 2008; Luyssaert et al., 2008).
Disturbance, such as fire, drought, or disease, can lead to substantial losses of carbon from both soils
and vegetation (Page et al., 2002; Ciais et al., 2005; Adams et al., 2009). Disturbance is a defining
element of all ecosystems that continues to influence the carbon uptake and losses that determine long-
term ecosystem carbon balance (Randerson et al., 2002).

Human land use activities often function much like natural disturbances in their influence on ecosystem
carbon balance. Carbon dioxide is produced when vegetation is burned, and soil carbon stocks begin to
decline soon after disturbances to the soil (Smith et al., 1999). Like natural disturbances such as fire and
drought, which prompt release of C and decrease C uptake, land use change affects vegetation and soil
dynamics, often prompting longer-term increases in carbon release or decreases in carbon uptake.
Deforestation, degradation of native grazing lands, and conversion to cropland have prompted losses of
450-800 Gt CO, from vegetation and soil carbon pools — equivalent to 30-40% of cumulative fossil fuel
emissions (Houghton et al., 1983; DeFries et al., 1999; Marland et al., 2000; Olofsson and Hickler, 2008).
Emissions from deforestation have dominated carbon losses from terrestrial ecosystems (DeFries et al.,
1999), but substantial amounts of carbon have been lost from vegetation and soils of systems other
than forests as well (Shevliakova et al., 2009).

Future carbon balance in ecosystems will be affected by the climate, though the net global response of
ecosystems remains uncertain due in part to several feedbacks (Field et al., 2007). Carbon stored in
vegetation (~630 Pg C) and soil (at least 1600 Pg C, but perhaps as much as twice that (Tarnocai et al.,
2009)) is vulnerable to loss at warmer temperatures (Friedlingstein et al., 2006; Piao et al., 2009).
Whether disturbances decline, mitigating future carbon losses, or the scope of human-induced
disturbances continues to expand in the future is a very important determinant of future concentrations
of atmospheric CO, (Page et al., 2002; Limpens et al., 2008).

Much of the world’s grazing lands are under pressure to produce more livestock by grazing more
intensively, particularly in Africa’s rangelands, which are vulnerable to climate change and expected to
still supply most of the beef and milk demanded in Africa (Reid et al., 2004). As a result of past practices,
somewhere between five and ten percent of the world’s grasslands have been degraded by overgrazing
(Oldeman, 1994). Previous research has documented that improved grazing management could lead to
greater forage production, more efficient use of land resources, and enhanced profitability and
rehabilitation of degraded lands (Oldeman, 1994). The tightening linkage between ecosystem services
and human well-being in the world’s dryland systems acutely demonstrates the need for a new,
integrated approach to diagnosing and addressing sustainable development priorities, including
maintenance of the supply of critical ecosystem services.
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One of the reasons for the intensive use of grasslands is the high natural soil fertility. Grasslands
characteristically have high inherent soil organic matter content averaging 331 Mg ha™ (Schlesinger,
1977). Soil organic matter influences the fate of organic residues and inorganic fertilizers, increases soil
aggregation which can limit soil erosion, and also increases cation exchange and water holding
capacities (Miller and Donahue, 1990). In addition, soil organic matter is an important source of plant
nutrients and can enhance production (Kononova, 1966; Allison, 1973; Tate, 1987; Miller and Donahue,
1990), and is a key regulator of grassland ecosystem processes. Thus a key underlying goal of sustainable
management of grassland ecosystems is to maintain high levels of soil organic matter and soil carbon
stocks.

Portions of the grasslands on every continent have been degraded due to human activities, with about
7.5% of grasslands having been degraded because of overgrazing (Oldeman, 1994). More recently, the
Land Degradation Assessment in Drylands (LADA) concluded that about 16% of rangelands are currently
undergoing degradation and that rangelands comprise 20-25% of total land area currently being
degraded, which affects the livelihoods of over 1.5 billion people worldwide (Bai et al., 2008). This
current degradation is likely occurring in addition to historic degradation (Bai et al., 2008). Historically,
intensive use of grasslands has resulted in the transfer of 993 Mt of soil carbon to the atmosphere in the
form of CO, just from land use change in the United States (Kern, 1994). Soil organic matter losses due
to conversion of native grasslands to cultivation are both extensive and well documented (Donigian et
al., 1994; Kern, 1994; Follett et al., 2001a). Removal of a large amount of aboveground vegetation,
continuous heavy stocking rates, and other poor grazing management practices are important human-
controlled factors that influence grassland production and have also led to depletion of soil carbon
stocks (Ojima et al., 1993; Conant and Paustian, 2002). However, good grassland management can
potentially reverse historical soil carbon losses and sequester substantial amounts of carbon in soils.
Disturbance through overgrazing, fire, invasive species, etc. can deplete grassland systems of carbon
stocks (Smith et al., 2008). Harvesting a large proportion of plant vegetation enhances yields of useful
material (e.g., for forage or fuel), but decreases carbon inputs to the soil (Wilts et al., 2004). Primary
production in overgrazed grasslands can decrease if herbivory decreases plant growth capacity,
vegetation density, community vegetation, or, if community composition changes (Chapman and
Lemaire, 1993). If carbon inputs to the soil in these systems decrease because of decreased net primary
production or direct carbon removal by livestock, soil carbon stocks would decline. Like carbon
sequestration in forests or agricultural land, sequestration in grassland systems — primarily, but not
entirely in the soils — is brought about by increasing carbon inputs. It is widely accepted that continuous
excessive grazing is detrimental to plant communities (Milchunas and Lauenroth, 1993) and soil carbon
stocks (Conant and Paustian, 2002). When management practices that deplete soil carbon stocks are
reversed, grassland ecosystem carbon stocks can be rebuilt, sequestering atmospheric CO, (Follett et al.,
2001a).

Many management techniques intended to increase livestock forage production have the potential to
increase soil carbon stocks, thus sequestering atmospheric carbon in soils. Methods of improved
management include fertilization, irrigation, intensive grazing management, and sowing of favorable
forage grasses and legumes. Grassland management to enhance production (through sowing improved
species, irrigation or fertilization), minimize negative impacts of grazing, or rehabilitate degraded lands
can each lead to carbon sequestration (Conant et al., 2001; Follett et al., 2001b; Conant and Paustian,
2002; Ogle et al., 2004). Improved grazing management (management that increases production) leads
to an increase of soil carbon stocks by an average of 0.35 t C ha™ yr™* (Conant et al., 2001; Conant et al.,
2015). Agroforestry enhances carbon uptake by lengthening the growing season, expanding the niches
from which water and soil nutrients are drawn, and in the case of nitrogen-fixing species, enhancing soil

13


https://www.researchgate.net/publication/37790474_Global_assessment_of_land_degradation_and_improvement_1_Identification_by_remote_sensing?el=1_x_8&enrichId=rgreq-852fcef5c3bcdabce00a25ef68cb7205-XXX&enrichSource=Y292ZXJQYWdlOzI4MjY1ODAwNDtBUzoyODIyOTY5Mzk3NjE2NjZAMTQ0NDMxNjI0MzcyOQ==
https://www.researchgate.net/publication/37790474_Global_assessment_of_land_degradation_and_improvement_1_Identification_by_remote_sensing?el=1_x_8&enrichId=rgreq-852fcef5c3bcdabce00a25ef68cb7205-XXX&enrichSource=Y292ZXJQYWdlOzI4MjY1ODAwNDtBUzoyODIyOTY5Mzk3NjE2NjZAMTQ0NDMxNjI0MzcyOQ==
https://www.researchgate.net/publication/200032812_Grassland_Management_and_Conversion_into_Grassland_Effects_on_Soil_Carbon?el=1_x_8&enrichId=rgreq-852fcef5c3bcdabce00a25ef68cb7205-XXX&enrichSource=Y292ZXJQYWdlOzI4MjY1ODAwNDtBUzoyODIyOTY5Mzk3NjE2NjZAMTQ0NDMxNjI0MzcyOQ==
https://www.researchgate.net/publication/200032812_Grassland_Management_and_Conversion_into_Grassland_Effects_on_Soil_Carbon?el=1_x_8&enrichId=rgreq-852fcef5c3bcdabce00a25ef68cb7205-XXX&enrichSource=Y292ZXJQYWdlOzI4MjY1ODAwNDtBUzoyODIyOTY5Mzk3NjE2NjZAMTQ0NDMxNjI0MzcyOQ==
https://www.researchgate.net/publication/281526565_Potential_soil_carbon_sequestration_on_overgrazed_grassland_ecosystems?el=1_x_8&enrichId=rgreq-852fcef5c3bcdabce00a25ef68cb7205-XXX&enrichSource=Y292ZXJQYWdlOzI4MjY1ODAwNDtBUzoyODIyOTY5Mzk3NjE2NjZAMTQ0NDMxNjI0MzcyOQ==
https://www.researchgate.net/publication/281526565_Potential_soil_carbon_sequestration_on_overgrazed_grassland_ecosystems?el=1_x_8&enrichId=rgreq-852fcef5c3bcdabce00a25ef68cb7205-XXX&enrichSource=Y292ZXJQYWdlOzI4MjY1ODAwNDtBUzoyODIyOTY5Mzk3NjE2NjZAMTQ0NDMxNjI0MzcyOQ==
https://www.researchgate.net/publication/281526565_Potential_soil_carbon_sequestration_on_overgrazed_grassland_ecosystems?el=1_x_8&enrichId=rgreq-852fcef5c3bcdabce00a25ef68cb7205-XXX&enrichSource=Y292ZXJQYWdlOzI4MjY1ODAwNDtBUzoyODIyOTY5Mzk3NjE2NjZAMTQ0NDMxNjI0MzcyOQ==
https://www.researchgate.net/publication/281526565_Potential_soil_carbon_sequestration_on_overgrazed_grassland_ecosystems?el=1_x_8&enrichId=rgreq-852fcef5c3bcdabce00a25ef68cb7205-XXX&enrichSource=Y292ZXJQYWdlOzI4MjY1ODAwNDtBUzoyODIyOTY5Mzk3NjE2NjZAMTQ0NDMxNjI0MzcyOQ==
https://www.researchgate.net/publication/235754227_Assessment_of_alternative_management_practices_and_policies_affecting_soil_Carbon_in_agroecosystems_of_the_central_United_States?el=1_x_8&enrichId=rgreq-852fcef5c3bcdabce00a25ef68cb7205-XXX&enrichSource=Y292ZXJQYWdlOzI4MjY1ODAwNDtBUzoyODIyOTY5Mzk3NjE2NjZAMTQ0NDMxNjI0MzcyOQ==
https://www.researchgate.net/publication/235754227_Assessment_of_alternative_management_practices_and_policies_affecting_soil_Carbon_in_agroecosystems_of_the_central_United_States?el=1_x_8&enrichId=rgreq-852fcef5c3bcdabce00a25ef68cb7205-XXX&enrichSource=Y292ZXJQYWdlOzI4MjY1ODAwNDtBUzoyODIyOTY5Mzk3NjE2NjZAMTQ0NDMxNjI0MzcyOQ==
https://www.researchgate.net/publication/245817046_The_potential_of_US_cropland_to_sequester_carbon_and_mitigate_the_greenhouse_effect_Ann_Arbor_Press?el=1_x_8&enrichId=rgreq-852fcef5c3bcdabce00a25ef68cb7205-XXX&enrichSource=Y292ZXJQYWdlOzI4MjY1ODAwNDtBUzoyODIyOTY5Mzk3NjE2NjZAMTQ0NDMxNjI0MzcyOQ==
https://www.researchgate.net/publication/245817046_The_potential_of_US_cropland_to_sequester_carbon_and_mitigate_the_greenhouse_effect_Ann_Arbor_Press?el=1_x_8&enrichId=rgreq-852fcef5c3bcdabce00a25ef68cb7205-XXX&enrichSource=Y292ZXJQYWdlOzI4MjY1ODAwNDtBUzoyODIyOTY5Mzk3NjE2NjZAMTQ0NDMxNjI0MzcyOQ==
https://www.researchgate.net/publication/245817046_The_potential_of_US_cropland_to_sequester_carbon_and_mitigate_the_greenhouse_effect_Ann_Arbor_Press?el=1_x_8&enrichId=rgreq-852fcef5c3bcdabce00a25ef68cb7205-XXX&enrichSource=Y292ZXJQYWdlOzI4MjY1ODAwNDtBUzoyODIyOTY5Mzk3NjE2NjZAMTQ0NDMxNjI0MzcyOQ==
https://www.researchgate.net/publication/245817046_The_potential_of_US_cropland_to_sequester_carbon_and_mitigate_the_greenhouse_effect_Ann_Arbor_Press?el=1_x_8&enrichId=rgreq-852fcef5c3bcdabce00a25ef68cb7205-XXX&enrichSource=Y292ZXJQYWdlOzI4MjY1ODAwNDtBUzoyODIyOTY5Mzk3NjE2NjZAMTQ0NDMxNjI0MzcyOQ==
https://www.researchgate.net/publication/247603901_Spatial_Patterns_of_Soil_Organic_Carbon_in_the_Contiguous_United_States?el=1_x_8&enrichId=rgreq-852fcef5c3bcdabce00a25ef68cb7205-XXX&enrichSource=Y292ZXJQYWdlOzI4MjY1ODAwNDtBUzoyODIyOTY5Mzk3NjE2NjZAMTQ0NDMxNjI0MzcyOQ==
https://www.researchgate.net/publication/247603901_Spatial_Patterns_of_Soil_Organic_Carbon_in_the_Contiguous_United_States?el=1_x_8&enrichId=rgreq-852fcef5c3bcdabce00a25ef68cb7205-XXX&enrichSource=Y292ZXJQYWdlOzI4MjY1ODAwNDtBUzoyODIyOTY5Mzk3NjE2NjZAMTQ0NDMxNjI0MzcyOQ==
https://www.researchgate.net/publication/247603901_Spatial_Patterns_of_Soil_Organic_Carbon_in_the_Contiguous_United_States?el=1_x_8&enrichId=rgreq-852fcef5c3bcdabce00a25ef68cb7205-XXX&enrichSource=Y292ZXJQYWdlOzI4MjY1ODAwNDtBUzoyODIyOTY5Mzk3NjE2NjZAMTQ0NDMxNjI0MzcyOQ==
https://www.researchgate.net/publication/256288164_Soil_Organic_Matter_Its_Nature_Its_Role_in_Soil_Formation_and_in_Soil_Fertility?el=1_x_8&enrichId=rgreq-852fcef5c3bcdabce00a25ef68cb7205-XXX&enrichSource=Y292ZXJQYWdlOzI4MjY1ODAwNDtBUzoyODIyOTY5Mzk3NjE2NjZAMTQ0NDMxNjI0MzcyOQ==
https://www.researchgate.net/publication/256288164_Soil_Organic_Matter_Its_Nature_Its_Role_in_Soil_Formation_and_in_Soil_Fertility?el=1_x_8&enrichId=rgreq-852fcef5c3bcdabce00a25ef68cb7205-XXX&enrichSource=Y292ZXJQYWdlOzI4MjY1ODAwNDtBUzoyODIyOTY5Mzk3NjE2NjZAMTQ0NDMxNjI0MzcyOQ==
https://www.researchgate.net/publication/201999487_Quantitative_Effects_of_Grazing_on_Vegetation_and_Soils_Over_a_Global_Range_of_Environments?el=1_x_8&enrichId=rgreq-852fcef5c3bcdabce00a25ef68cb7205-XXX&enrichSource=Y292ZXJQYWdlOzI4MjY1ODAwNDtBUzoyODIyOTY5Mzk3NjE2NjZAMTQ0NDMxNjI0MzcyOQ==
https://www.researchgate.net/publication/8262780_Deriving_Grassland_Management_Factors_for_a_Carbon_Accounting_Method_Developed_by_the_Intergovernmental_Panel_on_Climate_Change?el=1_x_8&enrichId=rgreq-852fcef5c3bcdabce00a25ef68cb7205-XXX&enrichSource=Y292ZXJQYWdlOzI4MjY1ODAwNDtBUzoyODIyOTY5Mzk3NjE2NjZAMTQ0NDMxNjI0MzcyOQ==
https://www.researchgate.net/publication/8262780_Deriving_Grassland_Management_Factors_for_a_Carbon_Accounting_Method_Developed_by_the_Intergovernmental_Panel_on_Climate_Change?el=1_x_8&enrichId=rgreq-852fcef5c3bcdabce00a25ef68cb7205-XXX&enrichSource=Y292ZXJQYWdlOzI4MjY1ODAwNDtBUzoyODIyOTY5Mzk3NjE2NjZAMTQ0NDMxNjI0MzcyOQ==
https://www.researchgate.net/publication/227258383_Modeling_the_Effects_of_Climatic_and_CO2_Changes_on_Grassland_Storage_of_Soil_C?el=1_x_8&enrichId=rgreq-852fcef5c3bcdabce00a25ef68cb7205-XXX&enrichSource=Y292ZXJQYWdlOzI4MjY1ODAwNDtBUzoyODIyOTY5Mzk3NjE2NjZAMTQ0NDMxNjI0MzcyOQ==
https://www.researchgate.net/publication/243657551_The_Global_Extent_of_Soil_Degradation?el=1_x_8&enrichId=rgreq-852fcef5c3bcdabce00a25ef68cb7205-XXX&enrichSource=Y292ZXJQYWdlOzI4MjY1ODAwNDtBUzoyODIyOTY5Mzk3NjE2NjZAMTQ0NDMxNjI0MzcyOQ==
https://www.researchgate.net/publication/6013619_Greenhouse_gas_mitigation_in_agriculture?el=1_x_8&enrichId=rgreq-852fcef5c3bcdabce00a25ef68cb7205-XXX&enrichSource=Y292ZXJQYWdlOzI4MjY1ODAwNDtBUzoyODIyOTY5Mzk3NjE2NjZAMTQ0NDMxNjI0MzcyOQ==
https://www.researchgate.net/publication/274484558_Soil_Organic_Matter_Biological_and_Ecological_Effects?el=1_x_8&enrichId=rgreq-852fcef5c3bcdabce00a25ef68cb7205-XXX&enrichSource=Y292ZXJQYWdlOzI4MjY1ODAwNDtBUzoyODIyOTY5Mzk3NjE2NjZAMTQ0NDMxNjI0MzcyOQ==
https://www.researchgate.net/publication/274484558_Soil_Organic_Matter_Biological_and_Ecological_Effects?el=1_x_8&enrichId=rgreq-852fcef5c3bcdabce00a25ef68cb7205-XXX&enrichSource=Y292ZXJQYWdlOzI4MjY1ODAwNDtBUzoyODIyOTY5Mzk3NjE2NjZAMTQ0NDMxNjI0MzcyOQ==
https://www.researchgate.net/publication/237553822_Long-Term_Corn_Residue_Effects_Harvest_Alternatives_Soil_Carbon_Turnover_and_Root-Derived_Carbon?el=1_x_8&enrichId=rgreq-852fcef5c3bcdabce00a25ef68cb7205-XXX&enrichSource=Y292ZXJQYWdlOzI4MjY1ODAwNDtBUzoyODIyOTY5Mzk3NjE2NjZAMTQ0NDMxNjI0MzcyOQ==

fertility (Nair et al., 2009). The result is that when agroforestry systems are introduced in suitable
locations, carbon is sequestered in the tree biomass and tends to be sequestered in the soil as well
(Jose, 2009) and sometimes leads to increased forage productivity. Improved management in existing
agroforestry systems could sequester 0.012 Tg C yr* while conversion of 630 Mha of unproductive or
degraded croplands and grasslands to agroforestry could sequester as much as 0.59 Tg C annually by
2040 (IPCC, 2000), which would be accompanied by modest increases in N,O emissions as more nitrogen
circulates in the system.

Using seeded grasses for cover cropping, catch crops (fast growing crops grown between main crops),
and more complex crop rotations all increase carbon inputs to the soil by extending the time over which
plants are fixing atmospheric CO, in cropland systems. Rotations with grass, hay, or pasture tend to have
the largest impact on soil carbon stocks (West and Post, 2002). Adding manure to soil builds soil organic
matter in grasslands (Conant et al., 2001). The synthesis by Smith et al. (2008) suggests that adding
manure or biosolids to soil could sequester between 0.42 and 0.76 t C ha™ yr™* depending on the region
(sequestration rates tend to be greater in moist regions than in dry). Rapid incorporation of manure into
fields would reduce the time that manure decomposes in anaerobic piles and lagoons, reducing
emissions of CH, and N,O. Smith et al. (2007) estimate the technical potential for reduction of CH,
emissions from manure to be 12.3 Tg C yr'* by 2030; N,0 emissions could also be reduced. Adding
manure in one place to build soil carbon stocks is offset by removal or what would be carbon inputs in
another place (by forage or feed harvest); the balance between these has not been well characterized.

Globally an estimated 0.2-0.8 Gt CO, yr* could be sequestered in grassland soils by 2030 given prices for
CO, of 20-50 SUS per tonne (Smith et al., 2007). This estimate accounts for the fact that sometimes costs
preclude adoption of practices even when they have multiple benefits. Although fertilization and fire
management could both contribute to carbon sequestration, most of the potential sequestration in non-
degraded grasslands is through changes in grazing management practices. Estimated rates of carbon
sequestration per unit area are lower than those for sequestration on agricultural land, but the total
sequestration potential is comparable to that of agricultural lands because grasslands cover such a large
portion of the Earth’s surface. Nearly 270 Mha of grassland worldwide have been degraded to some
degree by mismanagement (Oldeman, 1994; Bridges and Oldeman, 1999). Much of this land can be
rehabilitated by enhancing plant productivity, capturing water resources and using them more
efficiently, or improving soil fertility; doing so could sequester about as much carbon as could be
sequestered in agricultural lands (0.15-0.7 Gt CO, yr'* depending on carbon prices) (Smith et al., 2007).

Grasslands contain a substantial amount of the world’s soil organic carbon. Integrating data on grassland
area (FAO, 2009) and grassland soil carbon stocks (Sombroek et al., 1993) results in a global estimate of
about 343Bt C — nearly 50% more than is stored in forests worldwide (FAO, 2007). Just as is the case for
forest vegetation carbon stocks, grassland soil carbon stocks are susceptible to loss upon conversion to
other land uses (Paustian et al., 1997) or following activities that lead to grassland degradation (e.g.,
overgrazing). Current rates of carbon loss from grassland systems are not well-quantified. Over the last
decade grassland area has been declining while arable land area has been growing, suggesting
continued conversion of grassland to croplands (FAO, 2009). When grasslands are converted to
agricultural land, soil carbon stocks tend to decline by an average of about 60% (Paustian et al., 1997;
Guo and Gifford, 2002). Grassland degradation has also expanded (Bai et al., 2008), likely prompting the
loss of grassland ecosystem carbon stocks. Arresting grassland conversion and degradation would
preserve grassland soil carbon stocks. The magnitude of the impact on atmospheric CO, is much smaller
than that due to deforestation, but preserving grassland soil carbon stocks serves to maintain the
productive capacity of these ecosystems that make a substantial contribution to livelihoods.
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Gaps in our understanding

In addition to the determinants of C sequestration discussed above there are a number of aspects of
determinants which are unique to the situation in SSA and of which our understanding is still limited.
Perhaps the largest of these is an understanding of shifts between shrublands and grasslands, the
drivers of this change, and the impact this has on above and below ground C stocks. Anthropogenic
management of woody vegetation and impacts on C stocks are considered in Chapter 3. Another area
which is poorly understood is the role of termites. Termites play an important role in savannas and
grasslands in SSA, bringing lighter textured soil to the surface and concentrating nutrients, something
which has long been utilized by African farmers who use the mounds as fertilizer (Reid, 2012a). The role
of termites in determining soil organic carbon (SOC) stocks need to be studied further in SSA. Indeed the
role of below ground biodiversity in determining SOC in grazing lands in SSA in general needs further
investigation.

There are gaps of our understanding of phosphorus and the role it plays in C sequestration in grasslands.
The co-limitation of nitrogen and phosphorus in grasslands, particularly those dominated by C4 species
(as is the case in SSA), is not well understood (Craine et al., 2008). The role of ultra violet (UV) radiation
in the decomposition of grass litter and how this varies with aridity is of great relevance to SSA. Limited
studies in the US have shown that photodegradation plays an important role in the decomposition
process but the interaction with aridity is not well understood (Brandt et al., 2010). Similar
investigations need to be conducted for different UV and aridity gradients in SSA.
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Chapter 3. Carbon impacts of grazingland management systems and practices in Sub-Saharan Africa
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In this chapter the management of grasslands and subsequent impacts on carbon stocks are considered.
Those aspects of grazing land management with the greatest relevance to SSA are explored, namely;
grazing management, choice of livestock type, fire, management of woody biomass and management of
water.

3.1 Grazing and browsing

Finding fodder for livestock is a crucial part of daily life for many in Sub-Saharan Africa (SSA). Chapter 1
outlines the variety of livestock producing systems in SSA and shows that systems which involve direct
grazing or browsing are prevalent in the region. Livestock are an irreplaceable source of livelihood for
the poor and are one of the fastest growing agricultural sectors globally (World Bank, 2008). Between
2000 and 2010, production of livestock increased by 3% in SSA (a relatively small increase given human
population growth). However, this change was driven by increasing livestock numbers rather than gains
in livestock productivity (Upton, 2012) putting pressure on SSA grazing lands and traditional grazing
systems. Disagreement exists about the overall impact of grazing on both above and below ground
carbon stocks with grazing being shown to have both positive (Reeder and Schuman, 2002) and
negative (Hiernaux et al., 1999) effects in different situations. What is agreed is that grazing impacts on
carbon stocks are site specific, being dependent on many factors including climate, soil type, land use
history, vegetation, livestock type and grazing intensity. Here we explore some of the evidence relevant
to SSA of grazing impacts on carbon (C) stocks under different aspects of land management.

3.1.1 Climate/grazing interactions and Soil Organic Carbon (SOC)

Soil organic carbon (SOC) refers to the organic carbon in the soils derived from decaying plant and
animal material. This differs from soil inorganic carbon (SIC) which refers mainly to C found in carbonate
minerals derived from rock parent material. Total carbon (TC) includes both organic and inorganic soil
carbon (Nelson and Sommers, 1996). Most studies of climate change mitigation focus on SOC as this
type of soil carbon can be manipulated by changes in land cover, use and management. Potential for C
sequestration in SIC through changes in land management is deemed to be low with processes being
extremely slow and poorly understood (Diaz, 2010). Therefore, here, in common with most other
studies of climate change mitigation potential in land, we focus on SOC.

SSA has a wide range of climate regimes. The regions around the equator have bi-modal rainy seasons
while regions further poleward have a single rainy season. Moving further away from the equator, the
length of the rainy season becomes shorter. Extensive grazing land in Africa is concentrated in the semi-
arid environments for several reasons: (i) crop production in these regions is limited by rainfall, thus
reducing to some degree competing demands for land, (ii) forage production in the arid and semi-arid
regions, although less in terms of biomass, is generally much better in terms of nutritional value
compared to forage from the mesic savannas and humid zones, and (iii) most ruminants (e.g., cattle,
sheep and goats) suffer increasing disease incidence in more humid regions reducing their utility for
meat and milk production. However, in the semi-arid regions, seasonal and inter-annual variability in
rainfall constrain not only the availability of forage but also the availability of surface water for animals
to drink. Ellis and Swift (1988) put forward the theory that when high inter-annual rainfall variability is
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experienced, land degradation through grazing tends to be relatively low as periods of drought cause
herbivore populations to collapse, allowing vegetation to recover. In these ‘non-equilibrium’” areas, they
suggested that grazing is unlikely to cause land degradation. However, in more mesic (wetter)
environments sustained grazing pressure is more likely to lead to degradation. Von Wehrden et al.
(2012) reviewed 58 studies where rainfall variability and land degradation had been studied. They found
Ellis and Swift’s theory to hold true: degradation caused by grazing was found almost exclusively in
higher rainfall grazing-lands with lower inter-annual variation.

This has major implications for our understanding of grazing impacts on soil carbon stocks (which tend
to be low in degraded lands) in SSA. Studies from temperate regions have reported grazing can increase
soil carbon in 0-30 cm soil layers in drier short-grass prairie ecosystems, while decreasing soil carbon
stocks in more humid mixed- and tall-grass prairies (Derner et al., 2006). Derner and Schuman (2007),
reviewing precipitation and grazing effects on SOC in temperate rangelands of the Great Plains, also
concluded that soil carbon sequestration increased with grazing in drier rangeland sites. This identifies
with a threshold in mean annual precipitation of 600 mm, above which grazing reduces soil carbon in
rangelands, attributed to changes in the amount of root material in the upper soil profile. In SSA,
rangeland systems with less than approximately 600 mm annual precipitation tend to be non-equilibrial
(Ellis and Swift, 1988) and grazing effects are overridden by those of rainfall variability.

McSherry and Ritchie (2013) carried out a meta-analysis of studies considering grazing impacts on SOC
stock rather than concentration (i.e., stock or SOC concentration plus bulk density were reported). For
the 17 studies they considered they did not find a direct relationship between annual precipitation and
grazing effect on SOC. They did, however, find different grazing effects on SOC for grasslands dominated
by warm season (C4) or cool season (C3) grasses. They found that in C4 dominated grasslands and C3-C4
mixed grasslands increasing grazing intensity increased SOC by ~6-7%, whereas in C3 dominated
grasslands increasing grazing intensity decreased SOC by ~ 18%. This has important implications for SSA
where low altitude grasslands are dominated by C4 species and high altitude grasslands by C3 species
(Tieszen et al., 1979). These findings suggest management of grazing to maintain/increase SOC needs to
be different in the highlands and the lowlands of SSA.

Summary points

e In mesic environments sustained grazing pressure is more likely to lead to land degradation (and
therefore may cause SOC to decrease)

e Indry areas with high rainfall variability land degradation from sustained grazing may not be
seen as grazing effects are overridden by rainfall effects

e Findings on grazing/precipitation interactive effects on SOC are mainly from temperate areas
with low rainfall variability

e Long-term studies on grazing/precipitation effects on SOC in rainfall variable areas in SSA are
needed

e In C4 dominated grasslands, such as those found in dry lowland areas in SSA, increasing grazing
intensity may increase SOC (this hypothesis needs to be tested)

e In C3 dominated grasslands, such as those found in high altitude areas in SSA, increasing grazing
may decrease SOC (this hypothesis needs to be tested)

e Precipitation, soil type and soil nutrient status interact to determine the impacts of grazing
regimes on SOC
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3.1.2 Grazing management and SOC

Grazing intensities are often described in subjective terms, such as heavy, moderate or low intensity.
Overgrazing, a function of both grazing and recovery time, results when livestock either overgraze the
plants to a point of non-recovery or access the plants before they have had time to recover (Neely et al.,
2010). Grazing intensity which removes vegetation beyond the point of recovery can impact SOC.
Furthermore, in dryland landscapes, heavy grazing can also increase soil erosion by leaving bare patches
of soil (prone to wind and water erosion) and by compacting the soil which increases the amount and
intensity of runoff (Conant and Paustian, 2002). Compaction caused by trampling reduces infiltration of
water which in turn can reduce plant productivity again limiting inputs to the soil (Pineiro et al., 2010).
By contrast, others (McNaughton, 1979; Hulbert, 1988) point out that in drier climatic zones, the growth
of grasses that are adapted to grazing, trampling and fire, can decline in the absence of disturbance due
to accumulation of senescent material, leading to loss of vegetation cover and degradation.

Conant and Paustian (2002) estimated that 10.4% of grasslands in Africa are 'overgrazed' with most
being located in eastern and southern Africa. They suggested that changing overgrazed to moderately
grazed land in Africa could sequester carbon (C) at a rate of 0.21 Mg C ha™ yr, although this result was
based on a limited number of studies and, as discussed in the previous section, changes in grazing
management are highly context specific in terms of effects on SOC. Conant and Paustian (2002)
conducted a global study and therefore did not consider impacts of individual grazing management
systems typical of SSA on SOC. In this report (Chapter 8) Conant presents model based estimates of C
sequestration potential for native rangelands and planted pastures in SSA, but does not cover the
impacts of individual management practices. A recent meta-analysis by Yayneshet and Treydte (2015)
included consideration of 34 studies from SSA which considered the effects of livestock grazing on SOC.
They found no differences between rangelands, commercial ranches and game reserves. However a
comprehensive regional scale analysis is still lacking.

Pastoralism

An estimated 50% of land in Africa (40% in SSA) is considered to be suited uniquely for pastoralism due
to limited and highly variable rainfall (Eswaran et al., 1997; IRIN, 2007). Pastoralism is defined as the use
of extensive grazing on rangelands for livestock production with an estimated 50 million pastoralists and
agro-pastoralists in SSA (Rass, 2006). Many pastoralists are subsistence herders often living in multiple
family groups with sufficient labour to ‘track’ changes in pastures closely by moving and splitting herds
quickly (Western, 1982; Niamir-Fuller, 1999). Such systems, which have developed over thousands of
years, allow herders to use resources as and when they become available, giving grazing lands time to
recover before return (Reid, 2012b). When systems are disrupted by restrictions or loss of movement
recovery periods may also be disrupted. Appendix 2 discusses pastoralism further.

Nomadic or transhumant pastoralism results in patterns of grazing intensity and frequency which differ
from those experienced in continuously grazed lands. In terms of the impacts of short intense bursts of
grazing on carbon stocks the scientific evidence is mixed. Beukes and Cowling (2003) looked at the
impacts of short periods of high intensity grazing on SOC in the Nama Karoo district South Africa. They
found this type of grazing reduced organic carbon in the topsoil which they attributed to increased
microbial activity accelerating turnover of soil organic matter. Holocheck et al. (2000) reviewed studies
considering short term, high intensity grazing and concluded the system led to soil degradation with
implications for SOC. However Beukes and Cowling (2003) point out that impacts on soil organic matter
(SOM) and SOC probably vary with soil type. Ardo and Olson (2003) modeling carbon dynamics in semi-
arid Sudan found that whilst high grazing intensity decreased SOC on grasslands it increased SOC in
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savannas. Conversely Mills and Fey (2003) found SOC declined in a savanna in the Eastern Cape, South
Africa after intense grazing by goats.

In SSA traditional pastoral systems rely on an ability to read the landscape and adjust herd sizes and
grazing frequency appropriately. This can break down when movement and resources are restricted due
to changes in land tenure or sedentarisation (Reid, 2012; Niamir-Fuller, 1999). The benefit of rotational
grazing systems which exert short duration, intense grazing pressure followed by adequate recovery
time (grazing and rest) has been the subject of controversy for decades. The original premise behind
these grazing systems arose from the insight that, historically, African landscapes were grazed by large,
bunched and moving herds of ungulates that were responding to predators (McNaughton, 1997; Savory
and Butterfield, 1999). Briske et al. (2011) examined the debate surrounding rotational grazing and
concluded that there were no significant benefits of rotational grazing over continuous grazing. Teague
et al. (2011) found that multi-paddock, adaptive management strategies for improving vegetation and
animal performance were superior to continuous grazing in terms of ecosystem services, conservation
and restoration. Weber and Gokhale (2011) call for transformation of the debate over specific grazing
systems into a greater understanding of adaptive management processes and attention to better
management.

Enclosures/Exclosures

Fencing or protecting an area to exclude grazing animals is increasingly being used in parts of SSA
(particularly Ethiopia) as an adaptive strategy to provide livestock fodder in times of stress (Catley et al.,
2013). These enclosures/exclosures are generally used for cut and carry hay production so, although not
grazing lands themselves, they do support livestock. Impacts on carbon stocks have yet to be confirmed.
Yayneshet and Treydte (2015) in their meta analysis found that studies carried out in the highlands
(>1500 masl) with more than 600 mm annual rainfall had higher SOC concentration in exclosures
compared to surrounding rangeland. They also found woody biomass increases in those studies which
reported exclosures. The World Bank /CARE Climate Smart Initiative, being executed by Cornell
University, is currently estimating the impacts of long term (20 year) exclosures on carbon stocks in
Ethiopia.

Summary points
e Impacts of high intensity infrequent grazing on SOC vary in different soil and climate conditions.
e Adaptive management systems may promote good land management in general with potential
co-benefits for carbon.

3.1.3 Choice of Livestock Type

In SSA cattle, goats, sheep and camels are the most common types of grazing livestock (Winrock
International, 1992). Different species are suited to different ecological niches and herd diversity is an
important adaptation strategy of traditional pastoral systems (IUCN, 2010). For example, small
ruminants, particularly goats, can flourish in hostile environments. Choice of livestock type can also
impact the environment, with cattle only systems having a higher potential for bush encroachment than
mixed cattle/small ruminant systems. Goats tend to browse more from trees and shrubs causing loss of
woody biomass (Woomer et al., 2004) whereas cattle graze more on herbaceous biomass and can cause
more compaction leading to different impacts on carbon stocks. In eastern and southern Africa many
grazing lands are also subject to grazing by wildlife. Herbivore type can influence total system carbon in
several ways. Bagchi and Richie (2010) considered the impacts of native herbivores versus livestock
populations on SOC in India. They found SOC to be 49% lower in areas being grazed by livestock when
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compared to areas being grazed by native herbivores despite grazing intensities being comparable. They
attributed the difference to the different diets of the animals and the knock on effect this had on
productivity and returns to the soil. They therefore suggest that matching livestock densities to those of
wildlife is unlikely to be enough to prevent negative impacts on carbon stocks.

3.1.4 Grazing Impacts on Vegetation

Grazing can impact plant species composition not only through the dietary preferences of livestock but
also through the ability of a species to recover after grazing. This tends to favour annual over perennial
grasses. Angassa (2012) found that light to moderate grazing increased herbaceous species diversity
whereas heavy grazing, without ‘overgrazing’, reduced it in rangelands in Borana, Ethiopia. Tefera et al.
(2007) also working in Ethiopia found perennial grasses were replaced by annual grasses in heavily
grazed areas, a phenomenon which did not occur in lightly grazed areas. They hypothesised that this
would lead to lower SOC in heavily grazed areas as annuals tend to have shallower rooting systems and
lower returns to the soil. However no difference in SOC was found which was attributed to grazing
disturbance having already exceeded a threshold of degradation. Ritchie (2014) also argued that warm
season C4 species, which tend to dominate in tropical grasslands, respond differently to heavy grazing
than temperate C3 species. He argued that warm season C4 species invest more in belowground growth
in response to intermediate grazing pressure thereby increasing C inputs to the soil and therefore SOC.
This hypothesis, supported by findings from grazing trials in Serengeti National Park, form the basis of
the SNAP model, which is discussed further in Chapter 8 of this report. As discussed in section 4.1.1 the
findings are also supported by the meta analysis of McSherry and Ritchie (2013), which found higher
grazing intensity was associated with increased SOC in grasslands dominated by C4 grasses, but with
lower SOC in grasslands dominated by C3 grasses.

Planting improved grass species and legumes as a potential management strategy for carbon
sequestration is unrealistic for most grazing lands in SSA due to the practical constraints of cost and
scale. Despite this, studies have shown a technical potential. Macharia et al. (2011) carried out a trial in
a semi-arid area in Kenya to determine the impact of legume introduction on soil fertility in natural
pastures. They found a significant increase in SOC after 2 years due to the increased volume of crop
residues produced by the legumes. Herbaceous legumes are not found in many grazing land in Sub-
Saharan Africa, especially those in the drylands. This has been attributed to susceptibility to drought,
failure to cope with heavy grazing and high cost of seeds (Thairu and Tessema, 1987). However,
leguminous trees are present in many native shrublands used for silvopasture throughout SSA and more
work is needed to determine the role these play in improved soil nitrogen content and carbon
sequestration above and below ground.

3.2 Fire

Burning is a common management practice in many grazing lands in SSA dating back to prehistoric times
(Vagen et al., 2005). Some 75% of grasslands in Africa undergo burning every year (FAO/LEAD, 2006).
Burning is a widespread management practice for a variety of reasons. Burning can often release
nutrients from old plants, control bush encroachment, remove unwanted herbaceous species improving
forage quality, lead to increased plant growth, reduce the risk of large wildfires and reduce the density
of disease vectors (Reid, 2012). Burning can also increase annual dry matter production by encouraging
early growth at the start of the new season (Ojima et al., 1994). Indeed, burning is a natural and
necessary phenomenon in many grass and shrublands (Bond and Keely, 2005). Fires don’t typically carry
in the drier savannas (e.g., the Sahel), and tree-grass competition (Dohn et al., 2013) means that fires
often don’t carry in the mesic (wetter) savannas either, thus most fires are concentrated in the 400-
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1000 mm Mean Annual Precipitation rainfall zones. Despite widespread use of fire as a management
practice, the short term benefits of burning can sometimes be outweighed by long term problems and in
terms of GHG emissions and C stocks, impacts are mixed and context specific making the picture
complicated.

Fire and Green House Gas (GHG) Emissions

African ecosystems currently contribute an estimated 40% of global GHG emissions from fire, mostly
from savanna burning (Cias et al., 2011). The burning of any biomass releases GHGs to the atmosphere
mainly CO,, CH,4, N,O and NO,. For the purposes of GHG accounting, CO, is assumed to be taken up again
after burning by the growth of new plants and therefore has a ‘neutral’ impact on the atmosphere if
land use remains the same (IPCC, 2006). Other GHGs released include CO, CH,, N,O and NO, all of which
have a bigger relative impact on atmospheric warming than CO, Despite recent studies, estimates of
emissions from burning of grasslands and savannas in SSA are still uncertain. The CarboAfrica Project,
which finished in 2010, estimated GHGs from fires in different biomes in SSA including grasslands and
savannas (Bombelli et al., 2009). They measured the extent of burned area, the fire intensity and the
resulting emissions. The project estimated C losses from fires in savannas in SSA as 0.79 Pg Cy™* (similar
to earlier estimates of Williams et al., 2007) this includes all GHG emissions expressed as C equivalents.
When they set this against their estimate of Net Ecosystem Productivity (NEP) for savannas they
concluded that the savannas of SSA are currently a net C sink. However, they stress that there are many
sources of uncertainty, one of which is the impact that fire has on carbon stocks in biomass and soils
under varying conditions.

Fire — Impacts on carbon in soils and biomass

Globally, less research has been done on the impacts of burning on C in soils and biomass in grazing
lands than on GHG fluxes from burning. Studies from Sub-Saharan Africa are fewer still. Burning has an
immediate effect on above ground C by removing biomass. However the amount removed depends on
many interacting factors including vegetation type, climate and fire regime (Andreae and Merlet, 2001).
In SSA many grazing lands are dry savannas with a long history of frequent burning. Hanan et al. (2008)
argued that in these systems fire tends to remove young seedlings and herbaceous ground vegetation,
with little immediate impact on long-term carbon stock in biomass (i.e., savanna fires do not burn wood,
but do burn grass and tree seedlings). In the longer term, however, fires restrict seedling survival and
thus eventually reduce adult populations and thus biomass. Changes in fire regime may therefore be
associated with long-term change in carbon stocks in biomass (Bond et al., 2004). Lehmann et al. (2014)
in a global analysis found a general relationship where fire reduced tree basal area, having implications
for above ground C stocks. However the relationship varies depending on moisture suggesting more
than one model is needed.

The impact on below ground C can be even more complex. Following a fire, C can be lost from the soil
due to an alteration in soil respiration and CO, can be emitted from the soil due to decomposition of
material killed but not fully burned in the fire (Scholes and Andreae, 2000). Conversely, fire can lead to
an increase of C inputs to the soil from plants killed during the fire especially from roots (Oluwole, 2008).
Fynn et al. (2003), working in South Africa on a long term (50 yr) field trial in a native grassland, showed
that annual burning caused a decrease in aboveground litter inputs (0-2cm),but also led to increased
turnover of root material below the surface (4 — 10cm). However, overall they only found significant
change in organic C (a decrease) in the 0-2cm soil layer. Bird et al. (2000), working on another long term
(52 yr) trial in the Zimbabwean savanna, also found significant SOC losses in the upper soil layer (0-5cm)
after annual burning with a decrease of 20-25% compared with pre-fire levels. Oluwole et al. (2008)
reported an increase in SOC in a 25 yr trial in burned versus unburned grassland plots in the 0-15 cm
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layer and attributed this to turnover of root material after burning. These studies highlight the
importance of depth when considering fire effects on soil C and suggest a decrease in C in the surface (0-
5 cm) and a potential increase below the surface (4-15 cm).

Fire can also impact SOC indirectly by changing soil chemistry, which in turn affects soil microbial
activity. Following burning, inputs of ash can raise soil pH, stimulating microbial activity and increasing
the amount of labile carbon which is more easily lost (Mills and Fey, 2003). The study by Oluwole et al.
(2008) also found that annual burning significantly increased soil macro-fauna populations (0-30 cm)
compared to plots burned every 6 years. They attributed this to an increase in dead root mass caused by
burning.

Soil texture in grazing lands is an import factor when considering impacts of burning on soil carbon. Bird
et al. (2000) found annual burning reduced SOC by almost twice as much (10 Mg ha™) in sandy soils
compared to clay soils (5.5 Mg ha™) in savanna in Zimbabwe. At both sites, annual burning resulted in
greater SOC loss than 5 yearly burning. This type of management change may, therefore, be most
effective in areas with sandy soils where burning occurs annually.

Fire Regime

Bond and Keely (2005) define fire ‘regime’ as patterns of frequency, season, type, severity and extent of
fires. There is a long history of people manipulating fire regimes to manage grazing lands. However,
impacts on C, especially in SSA, are still under researched. SOC has been shown to decrease with more
frequent burning (Ardo and Olsen, 2003). Du Preez (2011) reviewed the effects of land management,
including fire frequency, on SOC in South Africa. They cite a 34 year study in Kruger National Park, which
showed a greater decline of SOC in the 0-15 cm depth in plots burned every 1, 2 or 3 years (Jones et al.,
1990). Materechera et al. (1990) found soils on which vegetation had been burned annually fora 17
year period had lower SOC at 0-40cm (0.71%) than soils which were burned every 3 years (0.83%) but
that levels in soils burned every 6 years were similar to those burned annually (0.77%). This shows that
the relationship between burn frequency and SOC is not a straightforward one and further investigation
is needed to determine optimum burn frequency for SOC in different vegetation, soil type combinations.

In addition to frequency, timing of burning can also determine impacts on SOC and again most evidence
comes from studies in South Africa. Long-term (50 yr) experiments with burning of grasslands in South
Africa showed dry season burning to result in significantly higher SOC losses from the 0-2cm layer than a
no burn control. Wet season burning, which results in cooler and less destructive fires, had no effect on
SOC (Fynn et al., 2003). Conversely, Everson (1989) found wet season burning caused more runoff and
erosion than burning during the dry season, which would presumably lead to increased loss of SOC.

Interaction of fire and grazing

Fire has an important role in the management of rangelands; herbivores (livestock and/or wild) can
reduce fuel load and thus ‘help’ reduce seedling mortality during fire, and may even prevent fires, and
thus allow increases in woody biomass. Shrub encroachment can, in some cases, be an extreme case
where most grass biomass is removed and fires suppressed, and thus shrub and/or tree cover increases.
But this interaction is sensitive to the mix of grazers and browsers; mixes of sheep and goats in many
subsistence systems impact both grass biomass and seedling establishment/survival, such that this can
be less of an issue. There are several ways in which fire and grazing can interact to potentially impact
SOC. Fire is generally followed by a flush of new plant growth which is attractive to grazers, more grazers
in turn provide inputs to the soil from urine and faeces but also cause compaction reducing infiltration
and thereby potentially reducing biomass production. One of the rare studies to consider fire-grazing
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interactions and measure SOC was carried out in Burkina Faso (Savadogo et al., 2007). They found
increased grazing pressure led to lower SOC at 0-10 cm on both burned and unburned plots after 12
years but found no direct interactive effect. The impact of grazing on species composition was different
in burned and unburned plots which could potentially lead to changes in SOC in the longer term.

Summary points

e Use of fire in management of grazing lands involves the trade-off between leaving forage in
place through the dry season to be available for livestock, and burning to promote new growth
(e.g. in early dry season while there is still enough soil moisture) or to clear last years’ litter
ready for next rainy season, and/or to reduce seedling establishment.

e More research is needed on how fire impacts vegetation structure in different African climates
and how this translates to an impact on above ground C stocks.

e Burning can reduce litter inputs to the soil and speed up decomposition after burning in the
surface layers (0-5 cm), however following burning increased turnover of root material may
increase SOC in layers below (4- 10cm).

e Ingeneral SOC can be said to decrease with increased frequency of burning, however the
relationship is site specific and an optimum burn frequency should be sought.

e Timing of burning can determine impacts on SOC in the 0-2 cm layer

e More research is needed on the impacts of fire and grazing on above and below ground carbon
and the role played by changes in species composition

3.3 Management of Woody Biomass

The majority of grazing lands in Sub-Saharan Africa have a woody component with varying impact on the
net value of the land for livestock and other goods and services. Trees tend to increase herbaceous
production in drier systems but decrease it in wetter regions (Dohn et al., 2013), while trees can provide
sources of fuel, forage and other products of benefit to local communities (Tredennick and Hanan,
2015). Management strategies range from clearing (with or without burning) to prevent the formation
of thickets, to planting of shrubs and trees to provide shelter and browsing options in low rainfall times.
Estimated impacts on carbon stocks in biomass and soils vary. In Senegal, Woomer et al. (2004)
estimated 0.77 t C ha™ yr'! could be sequestered over 20 years by restoring degraded grasslands to
woody grasslands. They also propose that each percent increase in woody canopy cover results in 800 kg
C ha-" in woody biomass. Gray and Bond (2009) looked at thicket invasion and effect on C stocks in AGB
and soil in South Africa. They found total carbon was highest in forests (485 Mg C ha™), second highest in
thickets (397Mg C ha™') and lowest in grasslands (283Mg C ha™). Clearing shrubs and trees to produce
grasslands is a management strategy common in the US and Europe. Whilst this may be suited to high
input systems in high rainfall areas it is impractical in many of the low input low rainfall grazing lands of
Sub-Saharan Africa.

Summary point

e From a carbon sequestration point of a view, research is needed to determine optimum
livestock productivity and optimum woody coverage in conjunction with each other.
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3.4 Water Management

Most of Sub-Saharan Africa's grasslands are located in arid and semi-arid areas, where water scarcity
makes livestock production the only viable livelihood option. In areas dependent on the seasonal
availability of water, livestock movement is often driven by water. Water management options include
those that increase availability of drinking water for livestock and increase water availability for growth
of grazing species. Both can influence carbon stocks and GHG emissions. In Africa alone, more than 300
million people live under severe water restrictions (Bennett, 2000), the majority of whom rely on grazing
lands to support them. Providing a reliable source of drinking water for people and their livestock by
accessing ground water where appropriate or providing rainwater harvesting tanks can provide relief.
However, areas immediately surrounding water sources can suffer degradation due to trampling with
potential impacts for SOC. In addition water recharge capacity needs to be considered in water scarce
areas.

Approximately 4% of the cultivated area in Sub-Saharan Africa is irrigated, and this is generally confined
to high production prime agricultural land (NEPAD, 2002). Constraints of cost and lack of water
resources make it impractical to consider the use of irrigation as a means of increasing C sequestration
in grazing lands in Sub-Saharan Africa. However, water harvesting techniques such as bunds
(semicircular, L shaped or other) or micro-catchments have been shown to increase forage production
and therefore have potential to increase both above and below ground C in areas with erratic rainfall
(IEM, 2009). However, water harvesting in grazing lands is not widespread in Sub-Saharan Africa and its
potential is therefore under researched (Kay, 2001). Previous attempts to promote water harvesting in
croplands in Sub-Saharan Africa have had limited uptake due to high labor requirements and lack of
consideration for the cultural context in which they were being placed. In addition most of the current
models/methods for carbon accounting do not cater for this kind of intervention which is likely to have
multiple highly localized impacts.

Water management is also important in high rainfall, high altitude areas such as the highlands of
Ethiopia where grazing lands can lose carbon through soil erosion. Preventing erosion by controlling
runoff can increase biomass, thus increasing inputs to the soil and therefore has the potential to
maintain soil carbon.

Summary points

e Low tech water harvesting techniques such as bunds have potential to increase productivity and
potential C stocks in grazing lands. Techniques to assess their impact on C stocks and constraints to
their adoption need to be developed.

e The role of payments for multiple ecosystems services such as water and carbon need to be
considered in grazing lands in SSA.
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Chapter 4. Measuring rangeland health and soil carbon in Africa

Ermias Aynekulu and Keith D. Shepherd — ICRAF (World Agroforestry Centre), Kenya

4.1 Background

Monitoring of natural resources has become increasingly important over the last five decades and this
trend is likely to continue (de Gruijter et al., 2006). This is largely due to an increasing awareness of the
negative impact that human pressure on natural resources has on ecosystem health and human
wellbeing (de Gruijter et al., 2006; Herrick et al., 2013). The current trends observed in Africa of
increasing land degradation and deterioration in rangeland health negatively impact livestock, wildlife
and livelihoods. Good rangeland health information will inform sound decision making on livestock
futures (size of herds, alternate types of livestock) at different strategic and institutional levels. Due to a
lack of consistency in protocols to measure and monitor rangeland health, it is difficult to conduct
systematic cross-regional analyses of the factors affecting rangeland productivity. Moreover, existing
information is often qualitative, seasonal and/or site specific. The general lack of standardized methods
for collection and analysis of information on rangeland condition and associated risk factors has
hindered critical decision making in the drylands of Africa on the design and implementation of sound
rehabilitation programmes that benefit livelihoods and the environment.

More specifically, there is increasing need for improved monitoring data on soil carbon. With the
increasing threat of climate change to ecosystem functioning, soil carbon sequestration is recognized as
an important strategy to mitigate the adverse impacts of climate change. African soils are important
carbon reservoirs in which the top 100 cm constitutes about 68% of the terrestrial carbon pool of Africa
(Henry et al., 2009). One major outcome of the Bali convention was the development of a framework for
measuring, reporting and verification (MRV) of climate mitigation actions through Nationally
Appropriate Mitigation Actions (NAMAs). MRV provides opportunities for developing countries to claim
financial, technical and capacity building support from developed countries to implement their NAMAs.
A number of carbon measurement schemes are emerging for specific applications. However, the lack of
robust, rapid and cost-effective methods of soil carbon measurement and monitoring is a constraint for
implementing MRV (Ellis and Larsen, 2008; Bellon-Maurel and McBatney, 2011; Conant et al., 2013). The
aim of this chapter is to review existing cost effective methods of monitoring rangeland health and soil
carbon stocks.

4.2 Measuring soil organic carbon

The UNFCCC has adopted a three-tier approach for estimating carbon benefits to allow for increasing
level of effort and precision as appropriate or economically viable (IPCC, 2003). Tier 1 uses default
parameters or globally available data sources to estimate carbon stock changes while Tier 2 includes
available regional or national data. Tier 3 requires detailed field measurements and modeling efforts to
quantify carbon stocks. In Tier 3, measuring soil carbon often demands more sampling efforts than Tier
1 and Tier 2 due to high inherent variability of soil properties. This could lead to higher measuring costs,
which may exceed the benefits expected from the increase in carbon stocks (IPCC, 2003). Therefore, the
development of locally calibrated models that can use easily collected data, minimizing the cost of
demonstrating a change in soil organic carbon stocks (IPCC, 2003), is a research priority.
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The IPCC Good Practice Guidance for Land Use, Land-Use Change and Forestry (GPG-LULUCF) (IPCC,
2003), the 2006 IPCC Guidelines for National Greenhouse Gas Inventories (IPCC, 2006) and The
Voluntary Carbon Standard (VCS) are the widely referred carbon accounting methods (Bird et al., 2010).

Decision makers are interested in monitoring land and soil health more generally, not only soil carbon,
to guide intervention planning and management. Soil carbon stock changes usually need to be
interpreted using additional land and soil information. Furthermore other ecosystem service benefits of
soil may have a higher value than soil carbon sequestration alone. The World Agroforestry Centre
(ICRAF) and partners have proposed a land health surveillance and response framework, which is
modelled on scientific principles in public health surveillance, to increase rigour in land and soil health
measurement and management. The key objectives are to: (i) identify land health problem:s, (ii)
establish quantitative objectives for land health promotion, (iii) provide information for the design and
planning of land management intervention programmes and resource allocation priorities, (iv)
determine the impact of specific interventions, and (v) identify research, service and training needs for
different stakeholder groups (UNEP, 2012; Shepherd et al., 2015). Measurement protocols to implement
the framework have been developed over a number of years through various projects in Africa and are
currently being refined in the context of the Africa Soils Information Service (AfSIS: www.africasoils.net)
and the Carbon Benefits Project: Modeling, Measurement and Monitoring, funded by the Global
Environment Facility (GEF) of the United Nations Environment Program (UNEP)
(www.unep.org/climatechange/carbon-benefits).

There are a number of components to consider in a soil carbon or soil health measurement and
monitoring protocol. These include sampling framework, field sampling and observations, laboratory
analytical methods, change detection and costs.

4.2.1 Sampling framework

Sampling frameworks are designed to reduce sampling error, avoid biased selection of sampling sites
and guide where and how many samples to take. It is vital to be clear on the decision or sets of decisions
that the measurement will support before designing the sampling framework, bearing in mind that the
main purpose of measurement is to reduce decision uncertainty. Hence, a very different sampling
framework will be required if the decision is whether to certify a carbon stock change for carbon trading
purposes with a 10% accuracy with a 90% confidence level, or to validate whether current soil carbon
levels for Tier 2 estimates are within an expected range.

Randomizing sites within the target area or sampling strata is important to provide unbiased estimates
of carbon stocks and other land health indicators within a stratum and allow inference to be made to
the whole area. Most existing soil survey data does not meet this criterion. Providing unbiased data on
the statistical distribution of variables is not only useful for reporting the prevalence of land health
problems (e.g., low carbon stocks) but also provides a means of setting local reference values (defining
what is low, moderate or high), which can in turn be conditioned on various factors (e.g., soil texture). A
small probability sample generally provides much more useful information than a large biased sample.

Stratifying the area in terms of factors that influence carbon stocks will normally reduce errors in
project-scale estimates of carbon stocks. At a continental level, climate trends explain more variation in
existing soil organic carbon stocks than any other single factor (Wynn et al., 2006) but locally, historic
land use often has a dominant influence, and this may not be well reflected by current land use. Where
soil carbon changes are of primary interest, stratification may be best done on the basis of expected
land use change (e.g., woodland margins may be more likely to show rapid changes than woodland
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interiors or permanently cultivated land, and sampling intensity may be increased in a woodland
margins stratum). Stratifying on too many variables can rapidly become un-manageable in terms of the
number of strata produced and so it is advisable to restrict them to include only a few dominant factors.
In some cases there may be a target sub-population in an area, such as cultivated land, in which case the
sub-population needs to be clearly defined and located first.

4.2.2 Field measurements

The importance of having a consistent field measurement protocol that can be applied under all
expected conditions cannot be over-emphasized. This protocol can be supplemented by local and
community based measures, but local measures do not provide a substitute for a consistent protocol for
high level decision making. The Land Degradation Surveillance Framework is one example that was
developed for project to continental land health surveillance in Africa (UNEP, 2012; Vagen et al., 2013),
and has been applied at continental scale in the Africa Soil Information Service (AfSIS 2014), at national
scale by the Ethiopia Soil Information System (EthioSIS, 2014), and at landscape scale (Waswa et al.,
2013). It is also being deployed by the CGIAR in a network of long-term monitoring sites across the
tropics (sentinel landscapes). The approach has been applied in assessing impacts of land management
interventions such as the effects of livestock exclusions and of fire on rangeland carbon stocks in
Ethiopia and Burkina Faso (Aynekulu et al., 2014). Examples of other protocols include rangeland
monitoring (Herrick et al., 2013), LandPKS (Herrick et al., 2013) and Vital Signs (2014).

Such protocols can also be integrated into study designs (Shepherd et al., 2015) to provide evidence of
the impact of sustainable land management interventions on soil health and soil carbon stocks, and in
long-term household/farm monitoring studies, such as the World Bank Living Standards Measurement
Study (Aynekulu and Shepherd 2013).

Measurement of soil organic carbon (SOC) stocks requires that not only the concentration of soil organic
carbon in soil fines (< 2 mm fraction) is measured but also the bulk density (or cumulative soil mass) and
guantity of course fragments. Tracking changes in soil carbon stocks over time requires that the same
equivalent mass of soil be measured from one monitoring event to another. Estimates of soil carbon
stocks to a fixed depth using a single depth bulk density are often biased (Lee et al., 2009). Murty et al.
(2002), for instance, found that the impact of conversion of forests into cultivated lands on the changes
in soil carbon stock was often inflated due to the confounding influence of changes in bulk density.
Therefore, it is necessary to consider corrections for spatial and temporal variation in bulk density in
guantifying SOC stocks along a soil profile (Lee et al., 2009). Here we propose the use of equivalent soil
mass instead of using a fixed soil depth in measuring temporal variation of soil carbon stocks. The Land
Degradation Surveillance Framework (LDSF), which was used in the Africa Soil Information Service (AfSIS,
2014), also used the equivalent soil mass method instead of bulk density at specific depth to calculate
temporal variation of soil carbon stocks (Aynekulu et al., 2011). Other considerations concerning field
measurements are accuracy of georeferencing, consistent use of sampling equipment, and soil
preparation procedures used to provide soil fines, including sub-sampling methods.

4.2.3. Analytical/laboratory methods

Soil organic carbon concentration is measured on soil fines on a tiny fraction of soil relative to the mass
of soil in the field samples. Therefore laboratory sub-sampling methods to obtain subs-samples for
analysis that are representative of the bulk soil (e.g., use of cone and quartering procedures or riffle
boxes) are important. Two widely used analytical methods to measure soil carbon concentration are the
Walkley-Black procedure (Walkley and Black, 1934) and thermal oxidation (Skjemstad and Baldock,
2008). The Walkley-Black method is often criticised for under estimation of the soil organic carbon due
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to incomplete oxidation of soils with higher (> 2%) organic carbon (Donovan, 2013). The dry combustion
or thermal oxidation is the most commonly recommended reference test for soil carbon, and is often
cheaper than other Walkley and Black methods (Donovan, 2013). To remove the influence of inorganic
carbon (carbonate) (McCarty et al., 2002), soil carbon is determined on acidified samples, i.e., fumigated
or treated with hydrochloric acid to remove inorganic carbon (Harris et al., 2001). Standard operating
procedures used by the Africa Soil Information Service are available (AfSIS, 2014).

It is difficult to get reproducible results among different labs. Even within the same lab using the same
methods, reproducibility can be a problem providing a key source of error when monitoring soil carbon
over time, especially when considering low-carbon soils. Furthermore, comparisons of data between
labs are intensely problematic. It is possible that the cheapest way to measure changes in soil carbon
with any of these methods is to collect, store, and then analyze a time series of samples from the same
soil (to determine any limitations resulting from soil sample preparation and processing), in the same
lab, at the same time (Palmer et al., 2002).

Soil infrared spectroscopy (IR) is another emerging technology that makes large area sampling and
analysis of soil health feasible (AfSIS, 2014; Shepherd and Walsh, 2007). It overcomes the current
impediments of high spatial variability of soil properties and high analytical costs, which are key
challenges in monitoring soil health at the landscape scale (Conant et al., 2011). A review by Bellon-
Maurel and McBatney (2011) showed an exponential increase in the use of near infrared (NIR) and mid
infrared (MIR) reflectance spectroscopy for soil analysis. MIR is more reproducible and robust in
measuring soil carbon than NIR (Rossel et al., 2006; Bellon-Maurel and McBatney, 2011; Nocita et al.,
2014). IR is now routinely used for analyses of a wide range of materials in laboratory and process
control applications in agriculture, food and feed technology, geology and biomedicine (Shepherd and
Walsh, 2007).

IR enables soil-sampling density (samples per unit area) to be greatly increased with little increase in
analytical costs. This reduces errors in quantifying soil carbon due to soil spatial heterogeneity. Some
researchers have shown the potential application of IR to measure soil carbon onsite (Reeves Ill, 2010)
as well as bulk density (Moreira et al., 2009), however accuracy is low. IR data can be integrated with
geostatistical data (Cobo et al., 2010), remote sensing data and topographic information (Croft et al.,
2012; Huang et al., 2007; Vagen and Winowiecki, 2013) for digital soil mapping at the landscape level
(UNEP, 2012). For instance, Rossel et al. (2014) used IR data to develop a soil carbon map of Australia.
Infrared spectroscopy data was also used in mapping soil carbon in Kenyan rangelands (Vagen et al.,
2012). The Soil-Plant Spectral Diagnostics Laboratory of ICRAF supports a network of IR instruments in
10 counties in Africa, which can be used to analyse soil carbon. AfSIS is deploying centralised calibration
development and an online spectral prediction application to reduce the need for each laboratory to
develop its own calibrations. A number of other fundamental soil properties, in addition to soil organic
carbon, can be simultaneously predicted (AfSIS 2015a).

4.2.4 Monitoring soil organic carbon stocks

To understand the impact of projects in terms of capturing carbon, changes in SOC stock need to be
measured over time. Soil monitoring assesses the changes in soil carbon status with reference to the soil
carbon stock at the beginning of the project. The Marrakesh Accords specify that all emissions from
sources and removal by sinks should be reported annually (IPCC, 2003). However, the inter-annual
variability in SOC stock is often very low. Moreover, the cost of detecting a change in SOC stock using
field and laboratory measurements is expensive. Hence, costs associated with detecting SOC changes
might amount to more than the actual value of carbon sequestered, although soil-monitoring schemes
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may serve a number of other purposes.

Even though the change in SOC stock varies with factors that influence the rate of production and
decomposition of carbon, UNFCCC (2006) recommend a monitoring interval of between 10 and 20
years. Short-term projects should not be expected to show a measurable increase in SOC. Therefore,
projects should use well established and valid models to predict SOC stock changes over a longer time
period based on land use and management practices. SOC monitoring at fine temporal resolution can be
also achieved using a digital soil mapping approach where SOC is predicted using covariates such as
terrain attributes e.g. topographic wetness index, spectral reflectance bands from satellite imagery, land
cover and natural vegetation, and parent material (McBratney et al., 2003). Optimal sampling designs
for repeated sampling also need to be established.

4.3 Can we measure soil carbon cost effectively?

The cost of measuring SOC largely depends on the number of samples, field accessibility, and laboratory
analysis. The number of samples to be taken in a project depends on the level of variability in soil
organic carbon in the target area, the required levels of precision and resource availability. In some
cases the cost of demonstrating the change in carbon stocks in soils to the required accuracy and
precision may exceed the benefits that accrue from the increase in stocks (IPCC, 2003). Although
infrared spectroscopy significantly reduces the analytical cost of measuring soil carbon, costs incurred in
soil sampling and preparation still form the largest component cost (Figure 2) (Aynekulu et al., 2011).
Another major advantage of IR for soil analysis is the capacity to predict many soil properties from a
single spectrum simultaneously (Rossel et al., 2006). This can further reduce the total analytical cost of
soil analyses. A third big advantage of IR technology is the high throughput which is critical for carbon
inventories at project level or larger geographical extents. The daily throughput of a thermal analyser is
quite low (ca 50 samples) whereas it is possible to analyse about 1000 samples per day with robotic MIR
systems.
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Figure 2. The cost of measuring SOC stocks. Costs (a) and cost structure (b) of measuring one soil
sample. The personnel costs are more or less uniform for the four major activities, while soil sampling
constitutes a large proportion of the other costs

29



4.4 Conclusions

A number of carbon measurement schemes are emerging for specific applications. However, it is
important to first define the decisions that carbon measurements are being designed to inform, to
define the critical decision uncertainties, and to establish measurement priorities. Although soil carbon
is also a key soil quality indicator, it alone does not provide sufficient information to guide wise use of
land resources, and therefore standalone carbon measurement systems will have limited value,
especially given the large resources required for field sampling and soil preparation. In most cases it will
be most efficient to embed carbon measurement within broader land health surveillance schemes.

Soil carbon modeling initiatives should take some soil carbon measurements to provide validation of soil
carbon initial levels and changes. This is being made easier with the development of soil infrared
spectroscopy as an analytical tool, which is reducing the cost, and increasing the speed and reliability of
guantifying soil carbon and other soil properties simultaneously. The growing network of soil
spectroscopy laboratories and capacity will be able to support soil carbon measurement in sustainable
land management projects and national soil health surveillance systems in Africa. However, more work
needs to be done to express the propagation of uncertainties and errors throughout the measurement
or modeling processes in relation to the decisions that need to be taken — this will help focus further
research on areas where uncertainty reduction will most improve decision outcomes.
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Chapter 5. Map-based estimates of present carbon stocks of grazing lands in Sub-Sahara Africa

Niels H. Batjes — ISRIC World Soil Information, The Netherlands

Continental scale data sets for livestock production zones, climate, and soil types were analyzed using a
GIS-based mapping approach (Appendix 3) to assess regional differences in soil organic carbon (SOC)
reserves for Africa. Mean SOC stocks to 0.3 m, 0.5 m and 1 m depth for the continent are estimated at
83, 113 and 162 Pg C (Pg = 10" g). This is somewhat less than earlier estimates of 86-96 Pg C (0-0.3 m)
and 133-184 Pg C (0-1 m) that were based on coarser resolution soil-geographic databases and a more
limited set of soil profiles (Batjes, 2004; Henry et al., 2009). As indicated by Henry et al. (2009), use of
different soil profile databases, spatial datasets and/or mapping approaches can easily lead to
differences of up to 30% in the estimates for SOC stocks for Africa.

For Sub-Sahara Africa (SSA), mean SOC stocks are estimated at 72 (0-0.3 m), 98 (0-0.5 m) and 140 (0-1
m) Pg C. This corresponds to a mean, area-weighted SOC content of 3.3 kg C m™ to 0.3 m depth, 4.4 kg C
m?to 0.5 m and of 6.3 kg C m™ to 1 m depth; coefficients of variation are often in excess of 50%. The
area-weighted, mean SOC content in the topsoil (0-0.3 m) ranges from almost nil, for a mapping unit
that is comprised of coarse textured, mineral soils in a warm arid climate, up to some 61 kg C m™ for a
(small) mapping unit of organic soils (Histosols) mapped in the Ethiopian highlands (Figure 3). This broad
range reflects the effect of regional differences in natural vegetation or land use, climate and soil type in
determining the mean SOC content in a given region.
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Figure 3. Distribution of soil organic carbon (kg C m™ to 0.3 m depth) for Africa.
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Estimates for mean SOC content, as observed in different livestock production systems (GLPS, see
Robinson et al., 2011) in SSA, are listed in Table 3. In short, the system considers Rangeland (LG) and
Mixed (M) land cover systems. The latter are comprised of croplands and rangelands; mixed irrigated
systems (M) are defined as being >10% irrigated versus <10% for rainfed systems (MR).

Table 3. Mean soil organic carbon content for main livestock production systems mapped for Sub-Sahara
Africa, subdivided according to broad climate classes

Livestock production system?® Climate SOC content Area
(kg Cm?)

0-0.3m 0-Im 0-2m  10°km* %°
LG - Rangeland systems Hyperarid 1.0 1.7 2.7 1.0 5.4
Arid 2.2 4.4 6.2 9.2 49.7
Humid 4.1 7.8 10.6 2.2 12.0
Temperate 4.5 8.0 10.6 0.2 1.2
Undiff. 2.5 4.8 6.8 12.6 68.3

MR - Mixed rainfed systems. Hyperarid - - - -b -
Arid 3.0 5.8 8.2 3.1 16.9
Humid 4.5 8.6 119 2.0 11.0
Temperate 5.7 106 143 0.7 3.5
Undiff. 3.8 7.3 102 5.8 31.4

MI -Mixed irrigated systems Hyperarid - - - - -

Arid 35 7.6 11.3 0.04 0.2
Humid 5.4 111 16.7 0.01 0.1
Temperate 6.0 11.8 164 0.01 0.1
Undiff. 4.2 87 12.8 0.06 0.4

2 Livestock production systems are defined according to Robinson et al. (2011) ; °SOC data not shown

where the total area for a given livestock production zone is estimated at < 0.01x10° km®. € Total may
differ from 100% due to rounding.

Overall, as a reflection of regional differences in the type and intensity of the soil forming factors of
climate, parent material, relief, organisms (notably humans) and time (Jenny, 1941), and main drivers of
recent soil change (e.g., land use and climate change), for a given livestock production system, the area-
weighted SOC content increases as annual rainfall increases, and mean air temperature decreases. For
example, for the topsoil (0-0.3 m), within rangelands (LG), the area-weighted mean SOC content is 1.0 kg
C m™in the Hyperarid zone, 2.2 kg C m? in the Arid zone, and 4.1 kg C m™in the Humid zone (defined
here as having a length of the growing period > 180 days and average air temperature (T.,) over 20 °C
during the growing period), and 4.5 kg C m™in the Temperate zone (T,, between 5 and 20 °C or at least 1
month with T,, < 5 °C). This broad climatic pattern is also observed for the Mixed (M) systems; the area-
weighted mean SOC content for irrigated (Ml) systems being somewhat greater than that estimated for
rainfed (MR) systems.
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In accord with their definition, each of the above livestock production zones can cover a fairly broad
range of landscapes, land cover types, climate zones and soil types. With respect to soil type, regional
differences in soil drainage, soil texture, soil mineralogy (e.g., low activity clay (LAC) versus high activity
clay (HAC) soils), and soil nutrient status are particularly important in determining mean regional SOC
levels in a given livestock production system; this aspect is further discussed for the Rangelands (LG)
class in Appendix 3.

Overall, for all livestock production systems, the mean proportion of the total SOC content in the upper
0.3 m to that held up to 1 m depth is 51%, with a range of 33% to 78% (min-max). When expressed as a
ratio of SOC content to 2 m depth, the mean is 36% (17% - 70%). These figures are illustrative of the fact
that changes in land use and management practices may result in significant losses of SOC, with
concomitant emissions of CO, to the atmosphere, as well as a deterioration of soil health and human
livelihood associated with a loss of soil organic matter content unless soils are judiciously managed
(Bationo et al., 2007; Banwart et al., 2015; Milne et al., 2015).

Broad effects of soil type (e.g., drainage, clay mineralogy, texture, and soil nutrient status) on SOC levels
can be discerned from the present exploratory analyses and such effects should be taken into
consideration in any analyses of SOC dynamics. As indicated, these are a reflection of the regionally
varying impacts of the soil forming factors of time, relief, climate, organisms (notably humans) and
parent material (Jenny, 1941; Gray et al., 2011). Alternatively, effects of socio-economically and
biophysically driven changes in land use and management on SOC content, including the occurrence of
natural and man-made fires (Govender et al., 2006; Du Preez et al., 2011), within the various livestock
production systems, cannot be distilled from the present continental-scale data sets. This is partly a
reflection of the fact that effects of land use and management interventions on SOC dynamics largely
occur at the local scale (Izac, 1997; Banwart et al., 2014). High resolution soil property maps, derived
from digital soil mapping (e.g., Vagen and Leigh, 2013; Hengl et al., 2014), have very recently become
available for Sub-Sahara Africa (see AfSIS, 2015a). In principle, these could be used to consider such
landscape scale effects.

Possible changes in SOC content, and net CO,¢, emissions, over time, subject to defined changes in land
use and management practices, as well as socio-economic conditions/incentives, can best be assessed
using appropriately-scaled and regionally validated modeling tools (Conant et al., 2010; Bernoux et al.,
2011; Milne et al., 2012), supported by long-term monitoring systems (de Brogniez et al., 2011; van
Wesemael et al., 2011). Several of these aspects are discussed elsewhere in this report (Chapters 4 and
6).
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Chapter 6 Modeling soil carbon in African grazing lands

Randy Boone — Colorado State University, USA

6.1 The Need for Soil Carbon Models

Africa accounts for 20% of the total land surface of the earth, making its carbon dynamics particularly
relevant globally, however, these dynamics are poorly understood (Williams et al., 2007; Ciais et al.,
2009). Landscapes in Africa are changing in ways that could change the region’s capacity to store
carbon, for example deforestation and reforestation (Higgins and Scheiter, 2012; West, 2012), the loss
of wetlands (Milne and Brown, 1997), and agricultural expansion often at the expense of grazing lands
(Olsen et al., 2004). More generally, Africa may be poised to experience more vegetation changes than
other regions of the world due to the commonality of C4 plants (West et al., 2012). C4 grasses, and the
fires they support, have played a major role in preventing trees from establishing and have led to the
creation of vast areas of savanna (Sankaran et al., 2008). Due to the fact that species with a C4
photosynthetic pathway have a competitive advantage in lower CO, environments, increases in
atmospheric CO, could provide advantages to C3 woody plants. That may cause large shifts in forest
cover, which in turn could change soil carbon balances, although increasing temperatures and reduced
precipitation make outcomes uncertain (Nie et al., 1992; Still et al., 2003). C4 species also invest more in
rhizomatous storage than C3 species, which can allow C4 plants to compensate for stem loss and
maintain leaf area when grazed (Ritchie, 2014). Compensatory responses to grazing have therefore
been seen in Africa more than elsewhere. Other things that affect soil carbon storage in Africa include
distinct soil parent material, phosphorous that may limit plant growth, the commonness of termites and
dung beetles, and pervasive burning of vegetation biomass by residents. Some of these factors are not
well represented in soil carbon models that may be used in Africa. This is due to a lack of observational
data from the region and because the majority of models have been developed and parametrized for
temperate conditions (Paustian et al., 1997a; Williams et al., 2007).

6.2 Current Modeling Approaches and Scope

Decades of development have yielded soil carbon models that span a range of spatial and temporal
scales. Levels of complexity are equally diverse. Manzoni and Porporato (2009) reviewed ~250
biogeochemical models, and classified their theoretical and mathematical frameworks. Here, models
that simulate discrete time are a focus and we emphasize models that are relevant at landscape and
broader scales. It is at these scales that decisions about land management and policies relevant to
grazing lands are made. The number of such models that have been produced is striking. Some models
are point-based, such as CENTURY, where results from many point-based simulations are combined to
yield an outcome for a region (GEFSOC, Easter et al., 2007), other models are relevant to landscapes
(e.g., SAVANNA, Coughenour 1992, expanded upon below; SNAP, Ritchie 2014) and broader scales (e.g.,
G-Range, Boone et al., 2011a, 2013). Model structures are equally varied. For example, the RothC,
SOMA, and SOCRATES models use five carbon pools, whereas CENTURY uses three pools plus
aboveground and belowground plant residual pools (Lardy et al., 2011). Most models are modular, with
components that may be turned on and off depending upon the needs for an application.
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6.3 Examples of Application of Carbon Models to Grazing Lands in Africa

The CENTURY model is a dynamic ecosystem model that simulates the turnover of soil organic matter
and plant nutrients (Parton et al., 1987). It was originally developed to simulate conditions in the North
American Great Plains grasslands but has since been adapted and applied to many ecosystems
worldwide, including savannas. Examples of application to grazing lands in Africa do exist but are few.
Woomer et al. (2004) parameterized and applied CENTURY to grasslands with varying amounts of woody
cover in Senegal. They used the analysis to estimate that restoring degraded grasslands to woody
grasslands in Senegal over a 20 year period could sequester 0.77 t C ha® yr'. Ardé and Olsson (2003)
linked CENTURY to a spatial database to make estimates of carbon sequestration in a region in semi-arid
Sudan. This region included grasslands and savannas for which they simulated grazing intensity and fire
regimes. Working at the national scale, Kamoni et al. (2007) also used the GEFSOC System (Easter et al.,
2007; Milne et al., 2007) which links the CENTURY and the RothC models to a GIS to estimate C stock
changes for Kenya. They simulated grasslands, savannas, and shrub/grasslands as a tropical grassland
dominated by C4 grasses. For large scale applications of any model to African grazing lands,
performance of the model is constrained by the availability of data to both parameterize and run the
model. Likewise, long term data sets are ideally used for model validation, which is usually another
constraint.

Michael Coughenour created the SAVANNA ecosystem model working in the Turkana District, Kenya
(Coughenour, 1992). There have been many subsequent improvements and applications of the model,
and it has been applied to systems world-wide (e.g., Boone, 2007; Boone et al., 2002, 2011b; Galvin et
al., 2004; Thornton et al., 2004, 2007; reviewed in Ellis and Coughenour, 1998). SAVANNA models
primary ecosystem interactions in arid and semi-arid landscapes, simulating functional groups of plants
and animals over periods from 10 to 100 or more years using a weekly time-step (Ellis and Coughenour,
1998). SAVANNA has most often been used to assess forage availability for wildlife and livestock, but
changes in soil carbon are well-tracked in SAVANNA, using routines adapted from CENTURY, and
changes in plant biomass have been reported. For example, Boone (2005) used SAVANNA to assess the
means in which vegetation changed under increasing levels of landscape fragmentation in South Africa,
Tanzania, and Kenya. Other treatments have linked SAVANNA to population-based (Thornton et al.,
2003) and agent-based (Boone et al., 2011b) household models. This coupled-systems approach would
allow changes in soil carbon to be tracked in parallel with changes in ecosystem services provided to
livestock owners, and the ways in which decision making by livestock owners may influence soil carbon
stocks.

The Rothamsted Carbon Model (i.e., RothC; Coleman et al., 1997) is a simple and popular choice for
analyses of carbon dynamics. It is unusual in this set in that it does not include procedures to model
plant production or the annual contributions of carbon to soil. Instead, it tracks the fates of organic
carbon in soil, or can infer what organic inputs must have been to yield observed soil organic carbon.
Examples of the use of RothC in Africa include Smith et al. (2014), who compared the carbon balance of
biogas digestion, composting, and biochar in Sub-Saharan Africa, its use in weighing the benefits of
fertilization of West African savanna crops (Diels et al., 2001), as one of three methods used by Kamoni
et al. (2007) to predict future soil organic stocks in Kenya, and to judge carbon turnover for coppicing
fallows in eastern Zambia (Kaonga and Coleman, 2008).

Boone et al. (20113, 2013) created the G-Range model, which simulates biogeochemical and plant
functional group changes in global rangelands. At the core of G-Range is a streamlined representation of
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the CENTURY model (Parton et al., 1987). They created an application that was spatially explicit, and
represents the rangelands of the world in a single simulation. Herbs, shrubs, and trees are simulated in a
dynamic way. Parameters are provided for landscape units to model vegetation competition for water,
light, nutrients, and space, as well as livestock offtake, the probability of fire, etc. The time-step for G-
Range is one month, and simulations may be 10s to 100s of years. More than 100 spatial surfaces are
produced each time step. Products using G-Range are in development, but simulation results for Africa
have been used in planning documents (e.g., Denish et al., 2015).

Mark Ritchie developed the SNAP model (Ritchie, 2014), which explicitly incorporates plant
compensation to grazing at an annual time-step, especially in regard to changes in leaf area index —in
field studies, leaf area index showed only minor declines to increased grazing, until grazing intensity
reached 70%. Ritchie developed the model using the ample observed data and literature from Serengeti
National Park. Once fitted to observed values, SNAP was used to track the means in which soil carbon
varied with different plant lignin and cellulose contents, soil sand fraction, and rainfall. The model has
been adapted to the Northern Rangelands Trust conservancies of northern Kenya (Ritchie 2014a).

From the African Carbon Exchange project (Christopher Williams, Niall Hanan, and others) came the ACE
model. That model focused on carbon dynamics and the ways in which disturbances may alter land
cover. The ACE model used an annual time step to track long-term changes in landscape dynamics.
From that project followed the model called TGVM (Tree-Grass Vegetation Model). TGVM simulates the
growth and demographics of grasses and trees based on climate, disturbance, and management.
Researchers are using TGVM to address questions of hydrology, lake persistence, and pastoral dynamics
in Mali, and the model may be used in carbon assessments as well.

The DNDC (DeNitrification DeComposition) model has been used all over the world to simulate N,0, CO,
and N, emissions from agricultural soils (Li et al., 1992). DNDC content was made available to
researchers early in its development, and they modified the model to apply to many questions,
conditions, and regions (Gilhespy et al., 2014 provides a type of model ‘family tree’). For example, the
model now may be used to predict methane and ammonia emissions, emissions from specific crops such
as rice, and modeling of greenhouse gas emissions customized for Europe. The use of the model in
Africa appears more limited than the longevity of the model would suggest. Grote et al. (2009) provides
an example, where they used DNDC and joined that to a land-surface model to yield a tool that
simulated climate chemistry and biogeochemical processes in a coupled way, applied to a reserve in
Burkina Faso.

6.4 Predictive Capacity and Uncertainties in Soil Carbon Models

The primary processes affecting the cycling of carbon in ecosystems appear to be well understood at
least at the plot to watershed scale. Existing soil carbon models can yield surfaces that align relatively
closely with observed values, and comparisons among modeling results are promising (e.g., Smith et al.,
1997) but with sometimes high uncertainties (Ciais et al., 2011). Examples include the results from
CENTURY (Conant et al., 2001; Conant et al., 2002; Woomer et al., 2004) and G-Range (Figure 4). Future
projections can have large uncertainties, but many applications include long so-called spin-up times,
where ecosystem dynamics are simulated as stable over thousands of years prior to the period of
assessment, which builds confidence in the validity of future projections.

Sources of uncertainty in modeling can include errors due to the inability of the model to fully describe a
process (usually due to lack of information about that process) and errors in input data caused by
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measurement errors, erroneous definitions and unrepresentative sampling. The importance of these
errors varies depending on the scale at which the model has been designed to work, the system it has
been designed to represent and the situation to which it is being applied.

Model comparisons have been carried out. These include ensemble results (e.g., the TRENDY collection
of eight dynamical global vegetation models; Sitch et al., 2013), where mean responses from multiple
models incorporate more relationships than any one model. More explicit comparisons between
models have been done, and help to identify both the range of variation expected in results and the
structural differences in models that may lead to differences in outcomes (Huntzinger et al., 2013). For
example, Weber et al. (2009) used remotely sensed data to assess carbon balance results from the large
scale (global to continental) models ORCHIDEE, LPJ-DGVM, LPJ-Guess, and JULES models, with
simulations done using standardized protocols and forcing data (e.g., total precipitation, temperature,
humidity, wind). They found the modeled results differ in magnitude, but that the overarching patterns
were similar. Fisher et al. (2013) used a similar approach with nine models (CLM4-CN, HYLAND, LPJwsl,
LPJ-Guess, OCN, ORCHIDEE, SDGVM, TRIFFID, and VEGAS), and focused on uncertainty in carbon fluxes
over African rainforests. Two effects were noted which increased uncertainty between models,
droughts and increased observed CO, — reduced precipitation and hotter temperatures decrease CO,
uptake, and may change the humid tropics from a net sink to a net source of atmospheric CO, (Fisher et
al., 2013). Results from these large scale analyses and others suggest that when working at the
continental scale, uncertainties in ecosystem responses to elevated CO, under a changing climate yield
considerable uncertainties in modeled results.

Although savannas are highly variable in climate and soils, and are influenced in complex ways by fire
and grazing, they are not as well studied as croplands and forests (Ciais et al., 2011). The paucity of field
measurements has implications for parameterizing and tuning ecosystem models. In general, highly
variable soils in Africa can complicate modeling and remote sensing efforts. Termites are a source of
methane, but lack of information prevents their inclusion in most models. Traore et al. (2014) cites an
“attrition of meteorological networks” indicating that the collection of some kinds of data which are
necessary for modeling is in decline. A lack of data on the carbon budget for African landscapes makes
dynamic modeling results more uncertain (Bombelli et al., 2009a; Ciais et al., 2011).

Ciais et al. (2011) proposed an African integrated carbon observing system, where an array of eddy
covariance flux towers in grazing lands, ongoing satellite mapping of CO, CO,, CH,, fire, and land use
change, and modeling fuse to provide information to guide planning. Efforts such as CarboAfrica
(www.carboafrica.net) are improving our knowledge of Sub-Saharan African carbon dynamics. New
satellite sensors are becoming available, such as microwave sensors that allow for estimation of tree
biomass, which will reduce modeling uncertainties (Traore et al., 2014). These and other efforts will
improve data availability.

6.5 Portability and Assessment of Soil Carbon Models

Whether or not a given model may be used in a variety of locations with confidence (i.e., its portability)
is an important question. In terms of mechanics, many soil carbon models are highly portable. The
structure of parameter sets allows values to be set to describe local ecosystem dynamics. For example,
the popular biogeochemical model CENTURY has been used in hundreds of applications from all over the
world. That model is distributed with draft parameter sets for a variety of land cover types. Some
models were originally specific to sites, but those too may be modified to be applicable elsewhere.
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Other models are globally applicable, suggesting their suitability for a variety of locations. Most models
include some kind of landscape unit, an area treated as homogeneous, for which parameters are
provided. For example, those parameters may be adjusted to best represent C4 rather than C3 grasses,
or vegetation growing on nutrient rich volcanic soils. Even though termites are not explicitly captured in
most models, decomposition rates may be adjusted to approximate their effects. And models may be
edited to dampen effects of grazing on plant production, approaching a compensatory response. For
example, CENTURY and G-Range include seven distinct plant functional responses to grazing, any one of
which an analyst may use for a given landscape unit. Ongoing research will inform an upcoming revision
of G-Range that will explicitly support compensatory vegetation production under grazing.

Related to portability and model choice, an analyst selecting a model for use must also consider whether
the model is appropriate for the questions that are to be addressed. All models include constraints and
simplifications that may limit their applicability to a particular problem. Some examples are briefly cited
here; a more thorough review of models applicable to Africa and their limitations would be useful, as
cited below. CENTURY is point-based, and so modeling large areas requires the integration of results
from many simulations. This may be inappropriate for some uses. A simplification made when G-Range
was adapted from CENTURY was the exclusion of phosphorous modeling; analyses where phosphorous
limitations are a focus would exclude the use of G-Range. The RothC model is explicitly for non-flooded
soils only (Coleman et al., 1997), although the ECOSSE model (based on RothC) has been developed to
deal with flooded soils (Smith et al., 2010). The SNAP model does not include nitrogen dynamics nor is
temperature considered — soil temperature varies so little in the Serengeti that its inclusion was
unnecessary (Ritchie, 2014), but SNAP does include pathways for decomposition by invertebrate
detritivores such as termites. More generally, some models include few parameters (e.g., SNAP has
five). Analysts may balance the ease by which simpler models may be applied versus the usefulness of
more complex models to address many kinds of scenarios. Models with many parameters (e.g.,
SAVANNA) take much longer to apply to a new area, but in essence, many of the parameters present
opportunities for scenarios to be addressed.

A more difficult question regarding portability is the degree to which models must be assessed for each
new application. Using an application in discovery and decision making without some calibration using
local observations is risky (Stockman et al., 2013). Assessing each subprocess is not necessary, given
that many have been assessed in many settings. Therefore broad ecosystem responses which are
common to all systems may be expected to be simulated well in novel applications, given our
understanding of ecosystem processes and success in incorporating these in models. However, as much
assessment as may be practically carried out, in line with the intended use of the application, is
recommended. For some uses, this may require a detailed comparison to spatially and temporally
collected observations. However, for other uses, a comparison of simulated results to measures derived
from satellite images (e.g., annual net primary productivity, leaf area index, greenness) may be
sufficient.

6.5 Gaps in Methods, Recommendations and Prospects

In soil carbon modeling, areas for improvement include better representation of microbial systems and
more detailed representations of food webs. Today models often represent those ecosystem
components indirectly as elements that consume and break down materials, rather than as entities with
dynamics of their own that can link decomposition and metabolism more realistically. More frequent
inclusion of nutrient modeling responses would improve the predictability of models (Fisher et al.,
2013). More frequent and variable weather events associated with climate change make intra- and
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inter-annual variation relevant for upcoming research. More generally, responses to disturbances such
as droughts and fires are not simulated well with current methods (Liu et al., 2011). Models may benefit
by more often representing soil organic matter differently through the soil profile, and incorporating the
influence of pH on carbon dynamics (Stockman et al., 2013). Many models do not incorporate land use
change when judging carbon flux, which would improve estimates (Ciais et al., 2009, 2011; Fisher et al.,
2013). Gaps in spatial inputs remain, such as information on shrub cover, which is poorly known across
the globe. Ground-truthed observations are now sparse, but that resource is improving. Lastly, we
expect an important advancement will be inclusion of social aspects into modeling carbon stocks. This
shift from ecosystem modeling to a coupled natural and human systems approach will help inform
policy makers about the ecological and social consequences of decisions. For example, in a unified
modeling platform, land use in a region may be represented in a spatially and temporally explicit way,
and implications for carbon storage quantified. Changes to land use may then be put in place to meet
some storage goal, and implications for peoples’ livelihoods may be quantified.

A practical means to speed analysts’ identification of appropriate models would be helpful. Qualitative
model comparisons usually entail defining a classification scheme, and then placing models within the
defined classes according to their properties (e.g., VEMAP members, 1995; McGill 1996; Manzoni and
Porporato, 2009). The classification may include attributes of the models, such as time step, relative
complexity, spatial and temporal scale, cost, and data requirements. It may also include aspects of use
of the model, such as how well the model has been field tested and its performance, how well it is
documented, the agreement between the data needed by the model and available datasets, its
flexibility for use in addressing questions, and its relative ease of use (Barnwell et al., 1992). The results
may be presented on-line as matrices with the attributes of the models and the tasks to which they are
most suited as matrix dimensions. An example of this for GHG accounting models in general has been
developed by FAO and partners and consists of an Excel tool which guides the user through a number of
decision trees to arrive at the most appropriate tool (Colomb et al., 2013).

In contrast to these qualitative model comparisons, quantitative comparisons of ecosystem models are
difficult because any disagreements in output may be due to different processes incorporated in the
models or different spatial or temporal scales (Melillo et al., 1995). Meta-analyses are helpful, but the
diversity of approaches and applications prevent direct comparisons. Model comparisons can minimize
these differences with efforts with formalized methods and use large research teams (e.g., VEMAP
members 1995; Huntzinger et al., 2013). Because of the difficulty of these comparisons, such programs
typically include a small number of models. Parton (1996) suggests that sufficient modularity in
simulation tools would allow procedures from different models to be swapped, and the implications for
results explored.

Standards in modeling indicate a maturing of approaches, and that is true for carbon storage. Programs,
such as the Verified Carbon Standard (v-c-s.org), provide a suite of tools that standardize the means in
which carbon dynamics are derived, or require the use of specific models or models with specific
attributes in assessments. Standardization of methods is steadily improving and made more
straightforward through web-based tools (e.g., Eve et al., 2014).

Manzoni and Porporato (2009), in their meta-analysis of models, estimated that the number of soil
biology models is increasing at a rate of 6 percent per year. New models often build on the methods
used in existing models. For example, the CENTURY model was drawn on to create parts of other
models (i.e., SAVANNA, G-Range). This has sped the development of new models, but suggests that the
cited growth rate should not be considered the rate of innovations. Related to this, carbon stock
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estimates for Africa are from a few teams using related tools (Stockman et al., 2013). Regardless, this
review suggests that ample models exist for estimating soil carbon in Africa, that they capture processes
to describe carbon dynamics sufficiently well for most policy questions, and that they are portable.
Creating new soil carbon models is not a priority at this time. Instead, we encourage: 1) development of
means to identify an appropriate model for a given task, from among the many candidates; 2) support
more African applications at regional, national, and continental scale; 3) continued efforts to reduce
uncertainties in ecosystem models and to incorporate new spatial data, which is rapidly developing ; 4)
improve our modeling of disturbed, transient, and highly variable ecosystems; 5) create and improve
linkages to human systems and their use of the land, allowing for coupled natural and human systems
queries to be addressed; and perhaps most importantly, 6) continued advancement of our
understanding of the magnitudes and durations of changes in ecosystems in response to climate change
— reduced uncertainties in ecosystem science will lead to reduced uncertainties in ecological modeling
outcomes.

Figure 4. Ensemble Spatial estimates of soil organic carbon (left) in the year 1972 from the G-Range
model, and estimated change in soil carbon in 2050 from simulations using climate projections from five
global circulation models based on Representative Concentration Pathway 8.5, with data downscaled to
half-degree resolution. Climate projections were provided by P.K. Thornton using data from the
Agricultural Model Intercomparison and Improvement Project (Rosenzweig et al., 2014). Map shading
and legend labels reflect the mean plus and minus twice the standard deviation, except where the
simulated carbon density cannot be less than zero.
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Chapter 7. Model based estimates of potential carbon sequestration in grass/rangelands in Sub-
Saharan Africa

Rich Conant — Colorado State University, USA

Given the widespread interest in the mitigation potential of grazing lands among policy makers and
practitioners, Henderson et al. (2015) sought to estimate the effectiveness of mitigation practices in
grazing lands using process-based models and detailed spatial information. Here we extract information
relevant to Sub-Saharan Africa from that work, which was supported by the UN Food and Agricultural
Organization and the Climate Change, Agriculture, and Food Security research program. All assessments
of GHG mitigation potential in grazing lands were based on the concept that a change in management
practices can lead to a change in C stocks and/or N,0 emissions (Conant, 2011). Thus all estimates of
mitigation potential were constructed using (1) information about changes in soil C storage and N,0
emission rates given a change in land management and (2) information about where land management
changes were feasible (Paustian et al., 1997). It was clear that not all management changes were
appropriate or possible for all grazing lands, as their applicability and effectiveness depend on a range of
factors such as accessibility, soil conditions, climate, and current and past management. To-date, limited
data on grazing land management have constrained the ability of researchers to delineate areas
amenable to improved management from those that are not amenable (Conant and Paustian, 2004).
Another limitation of most broad-scale assessments is that they have relied on emission factors
generated from the synthesis or meta-analysis of published studies (Conant et al., 2001; Ogle et al.,
2004; Smith, 2007). While these are often the most sophisticated approaches possible (analogous to Tier
1 and Tier 2 approaches under IPCC), they are inherently reliant on a small set of observations under a
restricted set of biophysical/management conditions that is widely extrapolated.

The work of Henderson et al. (2015) contributes to the current body of evidence about mitigation
practices in the world’s grazing lands in three important ways. First, they applied ecosystem models —
the CENTURY and Daycent models (Parton et al., 1987, Parton et al., 1998) — that represent the effects
of a variety of management practices on C and N cycling in agro-ecosystems. These models are capable
of representing the multiple interactions between biophysical processes and management at a
landscape scale, and they offer an alternative to the usual approach of extrapolation from field studies.
Second, by using observations of past and current land use, they confined their assessment to areas
where livestock production is present and where practice changes were likely to be effective, rather
than assuming the blanket application of management practices across all or most of the Sub-Saharan
Africa’s grazing lands. Finally, by modeling the linkage between forage, animal production, and animal
GHG emissions they aimed to shed new light on the net mitigation potential of C sequestration practices
in the world’s grazing lands.

Henderson et al. (2015) estimated that optimization grazing pressure to maximize forage production
could lead to sequestration 33.3 Tg CO, yr in grazing lands across Sub-Saharan Africa (Table 4). The soil
C sequestration potential of 5.3 Tg CO, yr* for legume sowing was small due to its limited feasibility
across a much smaller total area, though rates of sequestration per unit area were greater than for
improved grazing management. Increased N,O emissions from sowing legumes were estimated to offset
26% of the soil C sequestration benefits, in CO, equivalent terms. Increased N,O emissions from N
fertilization exceeded soil C sequestration in most Sub-Saharan Africa cells modeled. Estimates for C
stocks though improved management in grazing lands from Henderson et al. (2015) are lower than
other estimates (Lal, 2004; Smith et al., 2007), mainly due to the much smaller grazing land area over
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which mitigation practices were estimated to be effective. Henderson et al. (2015) found that each of
the practices evaluated can lead to a large increase in dry matter production.

Conclusions

e The opportunities to increase forage production in Sub-Saharan grazing lands are substantial -
on the order of 500 Tg DM yr™.

e Realizing these increased forage benefits could also lead to carbon sequestration that offsets
potential increases in greenhouse gas emissions.

e Model results indicate net increases in greenhouse gas emissions with implementation of some
practices that increase forage production, thus regional impacts on forage production should be

carefully evaluated for associated net greenhouse gas emission costs.

e Improved grazing management and sowing legumes offer substantial opportunities for
enhancing forage production while minimizing or offsetting greenhouse gas emissions.
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Table 4. Carbon sequestration and net mitigation potential in Sub-Saharan Africa for a variety grazingland land management changes. Data
extracted from results presented in Henderson et al. (2015)

Management practice Amenable Amenable C sequestration AN,O flux  Net GHG mitigation potential A Forage
area area potential consumption
(Mha) (%) (Tg COy) (TgCO  (TgCO,-eq) (MgCO,eqha™) (Tg DM)

eq)

Native rangelands — optimum 79.1 16.6 24.3 - 24.3 0.31 76.0

grazing

Planted pastures — optimum 65.5 43.2 9.0 - 9.0 0.14 275.9

grazing

Sowing legumes 5.9 3.9 5.3 1.4 3.9 0.70 2.6

Fertilization 32.3 - -1.26 9.37 -0.5 -8.11 151.8

SSA total 182.8 - 37.3 10.8 36.7 - 506.3
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Chapter 8: Synthesis

This final section presents some of the salient points from the previous chapters to answer key
guestions concerning the potential for C sequestration in grazing lands through improved land
management practices in Sub-Saharan Africa.

1) Batjes (2004) estimates that grasslands in Africa have the potential to sequester between 7-42Tg C
year . Although fertilization and fire management could both contribute to C sequestration, most of the
potential sequestration in non-degraded grasslands is through changes in grazing management
practices. Many management strategies which increase above and below ground C stocks, thereby
benefitting climate change mitigation, can also have adaptation benefits, leading to improved use of
scarce resources such as water and manure.

2) The key determinants of C sequestration potential in grazing lands in SSA are climate (rainfall amount
and regime) and soil type. On top of these key factors, sequestration potential is then determined by
fire, drought and disease (both natural and human induced) and human activities such as land use
conversion, grazing management practices and inputs from external sources (organic amendments,
fertilizers, etc.). Removal of a large amount of aboveground vegetation, continuous heavy stocking
rates, frequent human-ignited burning and other poor grazing management practices are important
human-controlled factors that adversely influence grassland production and have also led to depletion
of soil C stocks. However, good grassland management that contributes to plant recovery, diversity of
species, soil cover, enhanced organic matter, and functioning ecosystem processes (solar energy
capture, biological communities) and cycles (nutrients, water) can potentially reverse historical soil C
losses and sequester substantial amounts of C in soils.

3) We understand the basic soil forming factors and how these govern C sequestration, however, our
understanding of the following (which have high relevance to the situation in grasslands in SSA) are still
poor:
- Phosphorus and the role it plays in C sequestration in grasslands, particularly the co-limitation of
N and P in grasslands dominated by C4 species (as is the case in SSA)
- The effect of UV radiation on decomposition
- The role of termites
- Anunderstanding of shifts between shrublands and grasslands, the drivers of this change and
the impact this has on above and below ground C stocks
These gaps in our understanding could be narrowed in the next 5 years with targeted research but
efforts should be focused on those geographic areas with the highest C sequestration potential.

4) Ecosystem models are capable of representing the multiple interactions between biophysical
processes and management at a landscape scale. Examples of broad-scale application to situations in
Africa, including grazing lands, are limited but increasing in number (Conant and Paustian, 2002; Ardo
and Olsen, 2003; Kamoni et al., 2010). However the use of models is limited by a lack of information on
biophysical aspects of grazing lands in SSA, data for model parameterization and a lack of information on
management practices at the appropriate scale.

5) Key data that would improve our understanding of C sequestration in grazing lands in SSA include

information on the land management practices themselves (i.e., what they are and where they occur)
and the effects of socio-economically and biophysically driven changes in land use and management on
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soil organic carbon (SOC) content, such as the occurrence of natural and human-made fires, within the
various livestock production systems. Such landscape scale effects may be more easily considered now
as high (250 m) resolution soil property maps, derived from digital soil mapping, have very recently
become available for SSA (Hengl et al., 2015).

6) In some cases the cost of demonstrating the change in C stocks in soils to the required accuracy and
precision may exceed the benefits that accrue from the increase in stocks (IPCC, 2003). Although
infrared spectroscopy significantly reduces the analytical cost and speed of measuring soil C, costs
incurred in soil sampling and preparation still form the largest component of the cost (Aynekulu et al.,
2011). Reward for known ‘good C practice’ in leiu of frequent monitoring of C stocks may be a more
realistic way forward. Although soil C is a key soil quality indicator, it alone does not provide sufficient
information to guide wise use of land resources, and therefore standalone C measurement systems will
have limited value, especially given the large resources required for field sampling and soil preparation.
In most cases it will be most efficient to embed C measurement within broader land health surveillance
schemes.

7) Chapter 5 presents a map-based estimate of SOC content in grazing lands in SSA, discusses
differences in estimates observed in different livestock production systems, and points to the need for
higher resolution biophysical and socio-economic information to underpin more detailed studies at a
landscape scale.

8) Chapter 7 presents estimated C sequestration potential of grazing lands in SSA made using a model-
based approach. This estimate is extracted from a global study and is therefore based on a limited
number of data points and management practices. In order to improve this estimate a modeling
exercise is needed which considers management practices specific to SSA and this needs to be
underpinned by field studies.

In addition to the points given above the authors as a group wish to put forward the following general
recommendations for future projects/activities concerning C sequestration in grazing lands in SSA:

C sequestration for climate change mitigation should be treated as a co-benefit rather than the
target of a project/activity. There may be instances in which there are large social costs to C
sequestration and by making sequestration the primary goal, a situation could arise where the social
burdens of the project are greater than the C benefits. The likelihood of this is increased by the
facts that the costs and benefits of C sequestration are not associated with the same people and the
ones who must bear the costs (or burdens) are normally the poorest (Milne et al., 2015). That is to
say, if the plan to sequester C involves a reduction in stocking rate or grazing intensity, it may have
significant costs to the local livestock operators, but the benefits of C sequestration accrue to the
world as a whole.

Paying people to maintain C stocks by persisting with existing good practice may be easier than

introducing new practices to increase stocks. In addition, significant potential for peer-to-peer

learning among herders exists by highlighting good practices and promoting cross-site visits and
other learning opportunities for successful herder-led sequestration initiatives.

Projects should be developed with strong input from the communities living in the areas (bottom

up) where the project is to occur so that they have a sense of ownership of the project and are then
more likely to cooperate in its implementation
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VI.

The United Nations Convention to Combat Desertification (UNCCD) aims for zero net land
degradation by 2030 (UNCCD, 2012). However, in terms of targeting resources, it appears that there
is some acceptable level of degradation (measured as loss in SOC), and that if efforts are made to
increase SOC in areas in which SOC loss is less than this acceptable level, there may be costs or
burdens to the local people. When resources are limited, the focus should therefore be on areas
where the co-benefits of C sequestration and livelihood improvement are highest and this may be in
moderately rather than severely degraded areas. At present an acceptable level of degradation, or a
way of defining it has yet to be determined, but interventions should consider net livelihoods of
local populations as a key metric of success of programs that aim to improve rangeland health and C
sequestration.

There is less evidence of the impact of rangeland management approaches in enhancing the carbon
sequestration in non-equilibrial (erratic and changing) systems. This is because system responses are
likely to be a function of rainfall and its variability as well as a function of manipulating livestock
stocking rates and times of recovery. This does not mean that we should not intervene in non-
equilibrial systems; well managed grasslands have the potential to enhance the capture of rainfall
and subsequently opportunities to enhance people’s lives and landscapes. In these areas we should
concentrate on improving rangeland health and livelihoods of the local people with C sequestration
for climate change mitigation coming as a co-benefit.

In terms of where to focus investment, from a purely C sequestration point of view, investment
should be in areas where mineralization rates are low (cold, moist) or input rates are high (warm,
wet). In areas where C sequestration rates are likely to be lower (arid, semi-arid) but cover extensive
land areas, projects should include C sequestration as part of a package of multiple benefits in which
practices that sequester C in grasslands enhance productivity, improve livelihoods, increase
biodiversity and benefit multiple ecosystem services.
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Appendix 1. Key points by citation

Introduction

Citation

Key point relevant to this study

Batjes, 2004

Estimated that grasslands in Africa have the potential to sequester between
7-42TgCyear .

Follet and Reed, 2010

It has been estimated that grazing lands account for a quarter of potential
carbon (C) sequestration in world soils.

Gerber et al., 2013

Grazing lands have an estimated sequestration rate of ~ 0.6 Gt CO2
equivalents yr™.

IFPRI and ILRI, 2000

There are an estimated 25 million pastoralists and 240 million agro-
pastoralists in Sub-Saharan Africa.

Neely et al., 2010

Grazing lands support some of the world's poorest people.

Petri et al., 2010

The world’s land surface is one third (31%) grasslands, shrublands or
savannah.

van de Steeg et al., 2013

Climate change is already having an impact (changing rainfall and
temperature regimes) in arid and semi-arid regions of Sub-Saharan Africa
where livelihoods are mainly supported by livestock with future impacts
predicted to be most negative for grasslands around Senegal and in Southern
Africa, where Namibia, Botswana and South Africa meet.

Thornton et al., 2002

Sub-Saharan Africa is home to 23% of the world’s poor the majority of who
depend on livestock for some part of their livelihoods.

World Bank, 2007

Livestock is growing as a sector, accounting for up to 50% of GDP in countries
with significant areas of rangeland.

Chapter 1. Current types of grazing lands in Sub-Saharan Africa and associated management practices

Citation

Key point relevant to this study

AU-IBAR, 2012

Controlled grazing management practice is considered beneficial in
conditions of poor vegetation cover, overgrazing and degraded
soils, and is considered as the most promising sustainable land
management practice to restore degraded rangelands as it
enhances the vigor of mature perennial grasses.

Behnke, 1999

There are traditional rules concerning grazing movement to sustain
grazing productivity and thus the resilience of pastoral livelihoods.

Bekure et al., 1991

Cases where the fields and the grazing areas may be more distant
from each other and grazing more extensive with less frequent
return to the central place are becoming more common in East
Africa wherever rainfall is sufficient to support production of a crop
fairly consistently and where there is movement towards
privatization of the lands.

Boone and Hobbs, 2004

Pastoral systems have been developed to sustain life in rangelands
where vegetation and water resources are often ephemeral in time
and patchy in space, and pastoral movement to these ephemeral
patches is a critical strategy to improve milk and meat production.

Brottem et al., 2014

In West Africa there exist transhumant systems in which livestock
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are taken north into the Sahel during the wet season to graze and
then return south to the higher rainfall zones where they graze on
crop residues.

Butt et al., 2009

There are traditional rules concerning grazing movement to sustain
grazing productivity and thus the resilience of pastoral livelihoods.

Coppock, 1990

There are also agro-pastoral systems in Eastern Africa, but there,
the movements of livestock are not transhumant.

Devendra et al., 2005

Mixed crop-livestock systems, where crops and livestock are
integrated on the same farm, are widespread in rain-fed systems
and form the backbone of smallholder agriculture.

Ellis and Galvin, 1994

In very general terms it can be said that historically pastoralism
dominates in the drylands of eastern Africa with limited crop-
livestock integration and agropastoralism in the dryland ecosystems
of west Africa and that this can be attributed partially to bi-modal
versus uni-modal rainfall patterns.

Ellis et al., 1987

In the drier areas of northern Kenya and Southern Ethiopia, crop
agriculture is impossible or unreliable and the pastoral scene is
dominated by extensive nomadic pastoralism as in Turkana and
Borana.

Ellis and Swift, 1988

There are traditional rules concerning grazing movement to sustain
grazing productivity and thus the resilience of pastoral livelihoods.

Fernandez-Gimenez, 2002

There are traditional rules concerning grazing movement to sustain
grazing productivity and thus the resilience of pastoral livelihoods.

Fernandez-Gimenez and Le
Febre, 2002

There are traditional rules concerning grazing movement to sustain
grazing productivity and thus the resilience of pastoral livelihoods.

Goldman and Riosmena, 2013

There are traditional rules concerning grazing movement to sustain
grazing productivity and thus the resilience of pastoral livelihoods.

Greiner et al., 2013

Agropastoralism is growing in Eastern Africa in areas traditionally
used for nomadic pastoralism which are becoming ever more
fragmented by the encroachment of cropland.

Hodgson, 1999

In Sub-Saharan Africa, much of the rangeland is utilized by nomadic
pastoralists who move their herds and flocks over extensive areas
during the course of the year to find water and grazing for their
livelihood.

Homewood, 2004

Most rural people living in SSA rangelands are agro-pastoral,
combining small-scale farming with livestock keeping, or specialize
in herding (pastoralists) or farming; there are traditional rules
concerning grazing movement to sustain grazing productivity and
thus the resilience of pastoral livelihoods.

IAASTD, 2009

Over 60% of the population of Sub-Saharan Africa depends on
agriculture for their livelihood and agriculture accounted for on
average 29% of GDP between the years 1998 to 2000.

Kiage, 2013

Soil erosion and land degradation represent a major threat to food
security in SSA rangelands.

Marshall, 1998

Pastoral institutions have developed over the last 7000 years, since
pastoralists became the first people to produce food in much of
Sub-Saharan Africa.

69




Marshall and Hildebrand, 2002

Pastoral institutions have developed over the last 7000 years, since
pastoralists became the first people to produce food in much of
Sub-Saharan Africa.

McCabe, 1990

There are traditional rules concerning grazing movement to sustain
grazing productivity and thus the resilience of pastoral livelihoods.

McCabe, 1994

There are traditional rules concerning grazing movement to sustain
grazing productivity and thus the resilience of pastoral livelihoods.

McCabe, 2004

There are traditional rules concerning grazing movement to sustain
grazing productivity and thus the resilience of pastoral livelihoods.

McCabe et al., 1999

There are traditional rules concerning grazing movement to sustain
grazing productivity and thus the resilience of pastoral livelihoods.

McCarthy et al., 2000

The ability of the land to sustain increasing numbers of livestock
owners without damaging the environment will be determined in
part by the way the users themselves can govern access and use of
this vital resource.

Niamir-Fuller, 1999

There are traditional rules concerning grazing movement to sustain
grazing productivity and thus the resilience of pastoral livelihoods.

Nkedianye et al., 2011

There are traditional rules concerning grazing movement to sustain
grazing productivity and thus the resilience of pastoral livelihoods.

Okayasu et al., 2011

Studies suggests that most arid and semi-arid rangeland systems
exhibit both equilibrium and non-equilibrium states at different
scales, which implies a management approach that takes into
account temporal variability and spatial heterogeneity.

Oldeman, 1994

Approximately 65% of agricultural land, 35% of permanent pastures
and 19% of forest and woodland in the region are estimated to be
affected by some form of degradation.

Reid et al., 2008

There are traditional rules concerning grazing movement to sustain
grazing productivity and thus the resilience of pastoral livelihoods,
still being negotiated today in the face of major developmental
changes.

Robinson et al., 2011

Map: Livestock production systems in SSA

Sandford, 1983

Pastoral systems are one of the dominant forms of livestock
production system in SSA and are found mainly in arid and semi-
arid areas and limited areas in the sub-humid zones in East Africa
and West Africa.

Seré and Steinfeld, 1996

Ago-pastoralism is found in the semiarid, sub-humid and humid
tropics and in tropical highland areas.

Smith et al., 2007

Proposed measures for mitigating greenhouse gas emissions from
grazing lands and livestock production systems, their apparent
effects on reducing emissions of individual gases where adopted
(mitigative effect), and gave an estimate of scientific confidence
that the proposed practice can reduce overall net emissions at the
site of adoption.

Thomas, 2006

Mixed crop-livestock systems, where crops and livestock are
integrated on the same farm, are widespread in rain-fed systems
and form the backbone of smallholder agriculture.

Tsegaye et al., 2013

There are traditional rules concerning grazing movement to sustain
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grazing productivity and thus the resilience of pastoral livelihoods.

Turner, 1999

There are traditional rules concerning grazing movement to sustain
grazing productivity and thus the resilience of pastoral livelihoods.

Turner, 2011

There are traditional rules concerning grazing movement to sustain
grazing productivity and thus the resilience of pastoral livelihoods.

Vetter, 2005

Studies suggests that most arid and semi-arid rangeland systems
exhibit both equilibrium and non-equilibrium states at different
scales, which implies a management approach that takes into
account temporal variability and spatial heterogeneity.

Wilson et al., 1983

Pastoral systems are one of the dominant forms of livestock
production system in SSA and are found mainly in arid and semi-
arid areas and limited areas in the sub-humid zones in East Africa
and West Africa.

WOCAT, 2008

Grazing lands are defined as “land used for animal production e.g.
natural or semi- natural grasslands, open woodlands, improved or
planted pastures”.

WRI, 2005

Approximately 65% of agricultural land, 35% of permanent pastures
and 19% of forest and woodland in the region are estimated to be
affected by some form of degradation.

Chapter 2. Analysis of the key determinants of C sequestration in grass/rangeland systems in different

conditions

Citation

Key point relevant to this study

Adams et al., 2009

Disturbance, such as fire, drought, or disease, can lead to
substantial losses of carbon from both soils and vegetation.

Allison, 1973

Soil organic matter is an important source of plant nutrients and
can enhance production, increase soil aggregation, limit soil
erosion, and increase cation exchange and water holding capacities.

Bai et al., 2008

The Land Degradation Assessment in Drylands (LADA) concluded
that about 16% of rangelands are currently undergoing degradation
and that rangelands comprise 20-25% of total land area currently
being degraded; with current degradation likely occurring in
addition to historic degradation.

Brandt et al., 2010

Limited studies in the US have shown that photodegradation plays
an important role in the decomposition process but the interaction
with aridity is not well understood.

Bridges and Oldeman, 1999

Nearly 270 Mha of grassland worldwide have been degraded to
some degree by mismanagement.

Chapman and Lemaire, 1993

Primary production in overgrazed grasslands can decrease if
herbivory decreases plant growth capacity, vegetation density,
community biomass, or, if community composition changes.

Ciais et al., 2005

Disturbance, such as fire, drought, or disease, can lead to
substantial losses of carbon from both soils and vegetation.

Conant et al., 2015

Improved grazing management (management that increases
production), leads to an increase of soil carbon stocks by an average
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of 0.35t C ha-1 yr-1.

Conant et al., 2001

Grassland management to enhance production (through sowing
improved species, irrigation or fertilization), minimize negative
impacts of grazing, or rehabilitate degraded lands can each lead to
carbon sequestration;

adding manure to soil builds soil organic matter in grasslands.

Conant and Paustian, 2002

Removal of large amounts of aboveground biomass, continuous
heavy stocking rates, and other poor grazing management practices
are important human-controlled factors that influence grassland
production and have led to depletion of soil carbon stocks.

Craine et al., 2008

The co-limitation of N and P in grasslands, particularly those
dominated by C4 species (as is the case in SSA) is not well
understood.

DeFries et al., 1999

Emissions from deforestation have dominated carbon losses from
terrestrial ecosystems.

Donigan et al., 1994

Soil organic matter losses due to conversion of native grasslands to
cultivation are both extensive and well documented.

Integrating data on grassland area and grassland soil carbon stocks

FAO, 2007 results in a global estimate of about 343Bt C — nearly 50% more
than is stored in forests worldwide.
Over the last decade grassland area has been growing declining
FAO, 2009 while arable land area has been growing, suggesting continued

conversion of grassland to croplands.

Field et al., 2007

Future carbon balance in ecosystems will be affected by a climate,
though net global response of ecosystems remains uncertain due in
part to several feedbacks.

Follett et al., 2001a

When management practices that deplete soil carbon stocks are
reversed, grassland ecosystem carbon stocks can be rebuilt,
sequestering atmospheric CO,.

Follett et al., 2001b

Grassland management to enhance production (through sowing
improved species, irrigation or fertilization), minimize negative
impacts of grazing, or rehabilitate degraded lands can each lead to
carbon sequestration.

Friedlingstein et al. 2006

Carbon stored in vegetation and soil is vulnerable to loss at warmer
temperatures.

Gough et al., 2008

In undisturbed ecosystems, the carbon balance tends to be positive:
carbon uptake through photosynthesis exceeds losses from
respiration; even mature, old-growth forest ecosystems take up
slightly more carbon than they release.

Guo and Gifford, 2002

When grasslands are converted to agricultural land, soil carbon
stocks tend to decline by an average of about 60%.

Houghton et al. 1983

Deforestation, degradation of native grazing lands, and conversion
to cropland have prompted losses of 450-800 Gt CO, from biomass
and soil carbon pools — equivalent to 30-40% of cumulative fossil
fuel emissions.

IPCC, 2000

Improved management in existing agroforestry systems could
sequester 0.012 Tg C yr* while conversion of 630 Mha of
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unproductive or degraded croplands and grasslands to agroforestry
could sequester as much as 0.59 Tg C annually by 2040, which
would be accompanied by modest increases in N,O emissions as
more nitrogen circulate in the system.

When agroforestry systems are introduced in suitable locations,

Jose, 2009 carbon is sequestered in the tree biomass and tends to be
sequestered in the soil as well.
Historically, intensive use of grasslands has resulted in the transfer
Kern, 1994 of 993 Mt of soil carbon to the atmosphere in the form of CO, just

from land use change in the United States.

Kononova, 1966

Soil organic matter is an important source of plant nutrients and
can enhance production, increase soil aggregation, limit soil
erosion, and increase cation exchange and water holding capacities.

Limpens et al. 2008

Whether disturbances decline, mitigating future carbon losses, or
the scope of human-induced disturbances continues to expand in
the future is a very important determinant of future concentrations
of atmospheric CO,.

Luyssart et al. 2008

In undisturbed ecosystems, the carbon balance tends to be positive:
carbon uptake through photosynthesis exceeds losses from
respiration; even mature, old-growth forest ecosystems take up
slightly more carbon than they release.

Marland et al. 2000

Deforestation, degradation of native grazing lands, and conversion
to cropland have prompted losses of 450-800 Gt CO, from biomass
and soil carbon pools — equivalent to 30-40% of cumulative fossil
fuel emissions.

Milchunas and Lauenroth, 1993

It is widely accepted that continuous excessive grazing is
detrimental to plant communities and soil carbon.

Miller and Donahue, 1990

Soil organic matter is an important source of plant nutrients and
can enhance production, increase soil aggregation, limit soil
erosion, and increase cation exchange and water holding capacities.

Nair et al., 2009

Agroforestry enhances carbon uptake by lengthening the growing
season, expanding the niches from which water and soil nutrients
are drawn, and in the case of nitrogen-fixing species, enhancing soil
fertility.

Ogle et al., 2004

Grassland management to enhance production (through sowing
improved species, irrigation or fertilization), minimize negative
impacts of grazing, or rehabilitate degraded lands can each lead to
carbon sequestration.

Ojima et al., 1993

Removal of a large amounts of aboveground biomass, continuous
heavy stocking rates, and other poor grazing management practices
are an important human-controlled factors that influences
grassland production and haves led to depletion of soil carbon
stocks.

Oldeman, 1994

As a result of past practices, somewhere between five and ten
percent of the world’s grasslands have been degraded by
overgrazing; previous research has documented that improved
grazing management could lead to greater forage production, more

73




efficient use of land resources, and enhanced profitability and
rehabilitation of degraded lands.

Olofsson and Hickler, 2008

Deforestation, degradation of native grazing lands, and conversion
to cropland have prompted losses of 450-800 Gt CO, from biomass
and soil carbon pools — equivalent to 30-40% of cumulative fossil
fuel emissions.

Page et al., 2002

Disturbance, such as fire, drought, or disease, can lead to
substantial losses of carbon from both soils and vegetation.

Paustian et al., 1997

Just as is the case for forest biomass carbon stocks, grassland soil
carbon stocks are susceptible to loss upon conversion to other land
uses.

Piao et al., 2009

Carbon stored in vegetation and soil is vulnerable to loss at warmer
temperatures.

Randerson et al., 2002

Disturbance is a defining element of all ecosystems that continues
to influence the carbon uptake and losses that determine long-term
ecosystem carbon balance.

Reid et al., 2004

Much of the world’s grazing lands are under pressure to produce
more livestock by grazing more intensively, particularly in Africa’s
rangelands, which are vulnerable to climate change and expected to
still supply most of the beef and milk demanded in Africa.

Schlesinger, 1977

One of the reasons for the intensive use of grasslands is the high
natural soil fertility. Grasslands characteristically have high inherent
soil organic matter content averaging 331 Mg ha-1.

Shevliakova et al., 2009

Substantial amounts of carbon have been lost from biomass and
soils of systems other than forests as well.

Smith et al., 1999

Carbon dioxide is produced when biomass is burned, and soil
carbon stocks begin to decline soon after disturbances to the soil.

Smith et al., 2007

Globally an estimated 0.2-0.8 Gt CO, yr* could be sequestered in
grassland soils by 2030 given prices for CO, of 20-50 SUS per tonne.

Smith et al., 2008

Disturbance through overgrazing, fire, invasive species, etc. can
deplete grassland systems of carbon stocks; adding manure or
biosolids to soil could sequester between 0.42 and 0.76 t C ha™* yr™
depending on region (sequestration rates tend to be greater in
moist regions than in dry).

Sombroek et al., 1993

Integrating data on grassland area and grassland soil carbon stocks
results in a global estimate of about 343Bt C — nearly 50% more
than is stored in forests worldwide.

Stephens et al., 2007

In undisturbed ecosystems, the carbon balance tends to be positive:
carbon uptake through photosynthesis exceeds losses from
respiration; even mature, old-growth forest ecosystems take up
slightly more carbon than they release.

Tarnocai et al., 2009

Carbon stored in soil: at least 1600 Pg C, but perhaps as much as
twice that.

Tate, 1987

Soil organic matter is an important source of plant nutrients and
can enhance production, increase soil aggregation, limit soil
erosion, and increase cation exchange and water holding capacities.

West and Post, 2002

Rotations with grass, hay, or pasture tend to have the largest
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impact on soil carbon stocks.

Wilts et al., 2004

Harvesting a large proportion of plant biomass enhances yields of
useful material (e.g., for forage or fuel), but decreases carbon
inputs to the soil.

Chapter 3. Carbon impacts of grazing land management systems and practices in Sub-Saharan Africa

Citation

Key point relevant to this study

Andreae and Merlet, 2001

The amount of aboveground C removed by fire depends on many
interacting factors including vegetation type, climate and fire
regime.

Angassa, 2012

Found that light to moderate grazing increased herbaceous species
diversity whereas heavy grazing, without ‘overgrazing’ reduced it in
rangelands in Borana, Ethiopia

Ardo and Olson, 2003

In modeling carbon dynamics in semi- arid Sudan found that whilst
high grazing intensity decreased SOC on grasslands it increased SOC
in savannas.

Bagchi and Richie, 2010

Found SOC to be 49% lower in areas being grazed by livestock when
compared to areas being grazed by native herbivores despite
grazing intensities being comparable, attributing the difference to
the different diets of the animals.

Bennett, 2000

In Africa more than 300 million people live under severe water
restrictions, the majority of whom rely on grazing lands to support
them.

Beukes and Cowling, 2003

Looked at the impacts of short periods of high intensity grazing on
SOC in the Nama Karoo district South Africa and found this type of
grazing reduced organic carbon in the topsoil which they attributed
to increased microbial activity accelerating turnover of soil organic
matter.

Bird et al., 2000

Working on a long term (52 yr) trial in Zimbabwean savanna, found
significant SOC losses in the upper soil layer (0-5cm) after annual
burning with a decrease of 20-25% compared with pre-fire levels
and found annual burning reduced SOC by almost twice as much in
sandy soils compared to clay soils.

Bond et al., 2004

In the longer term, fires restrict seedling survival and thus
eventually reduce adult populations and thus biomass and changes
in fire regime may therefore be associated with long-term change in
carbon stocks in biomass.

Bond and Keely, 2005

Burning is a widespread management practice and indeed a natural
and necessary phenomenon in many grass and shrublands.

Bombelli et al., 2009

The CarboAfrica Project estimated GHG from fires in different
biomes in SSA including grasslands and savannas and estimated C
losses from fires in savannas in SSA as 0.79 Pg C y-1, concluding
that the savannas of SSA are currently a net C sink.
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Chapter 3. Continued.

Citation

Key point relevant to this study

Briske et al., 2011

Examined the debate surrounding rotational grazing and concluded
that there were no significant benefits of rotational grazing over
continuous grazing.

Catley et al., 2013

Fencing or protecting an area to exclude grazing animals is
increasingly being used in parts of SSA (particularly Ethiopia) as an
adaptive strategy to provide livestock fodder in times of stress.

Ciais et al.,2011

African ecosystems currently contribute an estimated 40 % of GHG
emissions from fire, mostly from savanna burning.

Conant and Paustian; 2002

Estimated that 10.4% of grasslands in Africa are 'overgrazed' with
most being located in Eastern and southern Africa and that in
dryland landscapes, heavy grazing can increase soil erosion by
leaving bare patches of soil (prone to wind and water erosion) and
by compacting the soil which increases the amount and intensity of
runoff.

Derner et al., 2006

Showed that in grasslands of North America, grazing increased SOC
stocks at 0-30 cm in dry shortgrass steppe ecosystems and
decreased stocks in more humid mid- and tallgrass prairie
ecosystems.

Derner and Schuman, 2007

On reviewing precipitation and grazing effects on SOC in rangelands
concluded that soil carbon sequestration at 0-30 cm, was increased
only at sites with a mean annual precipitation of 600 mm or less
which they attributed to changes in the amount of root material in
the upper soil profile.

Diaz, 2010

Potential for C sequestration in soil inorganic carbon (SIC) through
changes in land management is deemed to be low with processes
being extremely slow and poorly understood.

Dohn et al., 2013

Fires don’t typically carry in the drier savannas (e.g. the Sahel), and
tree-grass competition means that fires often don’t carry in the
mesic (wetter) savannas either, thus most fires are concentrated in
the 400-1000 mm MAP rainfall zones.

Du Preez et al., 2011

Reviewed the effects of land management, including fire frequency,
on SOC in South Africa.

Ellis and Swift, 1988

Put forward the theory that when high inter annual rainfall
variability is experienced, land degradation tends to be relatively
low as periods of drought cause herbivore populations to collapse,
allowing vegetation to recover, whereas in areas where rainfall
patterns are stable grazing pressure remains high throughout
drought periods as herbivores stay in the same area leading to
potential degradation.

Eswaran et al., 1997

An estimated 50% of land in Africa (40% in Sub-Saharan Africa) is
considered to be suited uniquely for pastoralism due to limited and
highly variable rainfall.

Everson et al., 1989

Found wet season burning caused more runoff and erosion than
burning during the dry season, which would presumably lead to
increased loss of SOC.
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Chapter 3. Continued.

Citation

Key point relevant to this study

FAO/LEAD, 2006

Some 75% of grasslands in Africa undergo burning every year.

Fynn et al., 2003

Working in South Africa on a long term (50 yr) field trial in a native
grassland, showed that annual burning caused a decrease in
aboveground litter inputs (0-2cm), led to increased turnover of root
material below the surface (4 — 10cm), but only found significant
change in organic C (a decrease) in the 0-2cm soil layer.

Gray and Bond, 2009

Looked at thicket invasion and effect on C stocks in AGB and soil in
South Africa and found total carbon was highest in forests (485 Mg
C ha-1), second highest in thickets (397Mg C ha- 1) and lowest in
grasslands (283Mg C ha-1).

Haile, 2005

There can be great variability in rainfall in many areas especially the
Sahel region, eastern Africa and southern Africa.

Hanan et al., 2008

Argued that in dry savanna systems fire tends to remove young
seedlings and herbaceous ground vegetation, with little immediate
impact on long-term carbon stock in biomass.

Hiernaux et al., 1999

Grazing shown to have negative effects on above and below ground
carbon stocks.

Holechek et al., 2000

Reviewed studies considering short term high intensity grazing and
concluded the system led to soil degradation with implications for
SOC.

Hulbert, 1988

Pointed out that in drier climatic zones, some grasses that are not
disturbed by grazing, trampling or fire, can deteriorate and become
senescent leading to loss of land cover and subsequent
degradation.

IEM, 2009

Water harvesting techniques such as bunds or micro-catchments
have been shown to increase forage production and therefore have
potential to increase both above and below ground C in areas with
erratic rainfall.

IPCC, 2006

For the purposes of GHG accounting, CO2 is assumed to be taken up
again after burning by the growth of new plants and therefore has a
‘neutral’ impact on the atmosphere if land use remains the same.

IRIN, 2007

An estimated 50% of land in Africa (40% in Sub-Saharan Africa) is
considered to be suited uniquely for pastoralism due to limited and
highly variable rainfall

IUCN, 2010

Different species are suited to different ecological niches and herd
diversity is an important adaptation strategy of traditional pastoral
systems.

Jones et al., 1990

34 year study in Kruger National Park, which showed a greater
decline of SOC in the 0- 15 cm depth in plots burned every 1,2 or 3
years.
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Chapter 3. Continued.

Citation

Key point relevant to this study

Kay, 2001

Water harvesting in grazing lands is not widespread in Sub-Saharan
Africa and its potential is therefore under researched.

Lehmann et al., 2014

Found in a global analysis a general relationship where fire reduced
tree basal area, having implications for above ground C stocks with
the relationship varying depending on moisture, suggesting more
than one model is needed.

Macharia et al., 2011

Carried out a trial in a semi-arid area in Kenya to determine the
impact of legume introduction on soil fertility in natural pastures
and found a significant increase in SOC after 2 years due to the
increased volume of crop residues produced by the legumes.

Materechera et al., 1998

Found soils on which vegetation had been burned annually fora 17
year period had lower SOC at 0-40cm (0.71%) than soils which were
burned every 3 years (0.83%) but that levels in soils burned every 6
years were similar to those burned annually (0.77%) showing that
the relationship between burn frequency and SOC is not a
straightforward one and further investigation is needed.

McNaughton, 1979

Pointed out that in drier climatic zones, some grasses that are not
disturbed by grazing, trampling or fire, can deteriorate and become
senescent leading to loss of land cover and subsequent
degradation.

McSherry and Ritchie, 2013

For the 17 studies considered they did not find a direct relationship
between annual precipitation and grazing effect on SOC but did find
an interaction between soil type, annual precipitation and grazing
impact on SOC but did find higher grazing intensity was associated
with increased SOC in grasslands dominated by C4 grasses and
lower SOC in grasslands dominated by C3 grasses.

Mills and Fey, 2003

Found SOC decline in a savanna in the Eastern Cape, South Africa
after intense grazing by goats.

Neely et al., 2010

Overgrazing, a function of both grazing and recovery time, results
when livestock either overgraze the plants to a point of non-
recovery or access the plants before they have had time to recover.

Nelson and Sommers, 1996

Total carbon (TC) includes both organic and inorganic soil carbon.

NEPAD, 2002

Approximately 4% of the cultivated area in Sub-Saharan Africa is
irrigated, and this is generally confined to high production prime
agricultural land.

Niamir-Fuller, 1999

Many pastoralists are subsistence herders often living in multiple
family groups with sufficient labour to ‘track’ changes in pastures
closely by moving and splitting herds quickly.

Ojima et al., 1994

Burning can increase annual dry matter production by encouraging
early growth at the start of the new season.

Oluwole et al., 2008

Reported an increase in SOC in a 25 yr trial in burned versus
unburned grassland plots in the 0-15 cm layer and attributed this to
turnover of root material after burning.
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Chapter 3. Continued.

Citation

Key point relevant to this study

Pineiro et al., 2010

Compaction caused by trampling reduces infiltration of water which
in turn can reduce plant productivity again limiting inputs to the
soil.

Rass, 2006

Estimated 50 million pastoralists and agropastoralists in SSA.

Reeder and Schuman, 2002

Grazing shown to have positive effects on above and below ground
carbon stocks.

Reid, 2012

Pastoralist systems, developed over thousands of years and
allowing herders to use resources as and when they become
available and giving grazing lands time to recover before return, can
break down when movement and resources are restricted.

Ritchie, 2014

Argued that warm season C4 species, which tend to dominate in
tropical grasslands, respond differently to heavy grazing than
temperate C3 species and argued that warm season C4 species
invest more in belowground growth in response to intermediate
grazing pressure thereby increasing C inputs to the soil and
therefore SOC.

Savadogo et al., 2007

Found increased grazing pressure led to lower SOC at 0-10 cm on
both burned and unburned plots after 12 years but found no direct
interactive effect and found the impact of grazing on species
composition was different in burned and unburned plots which
could potentially lead to changes in SOC in the longer term.

Savory and Butterfield, 1999

The original premise behind rotational grazing systems arose from
the insight that, historically, African landscapes were grazed by
large bunched and moving herds of ungulates that were responding
to predators.

Scholes and Andreae, 2000

Following a fire, C can be lost from the soil due to an alteration in
soil respiration and CO2 can be emitted from the soil due to
decomposition of material killed but not fully burned in the fire.

Teague et al., 2010

Found that multi-paddock, adaptive management strategies for
improving vegetation and animal performance were superior to
continuous grazing in terms of ecosystem services, conservation
and restoration.

Tefera et al., 2007

Working in Ethiopia found perennial grasses were replaced by
annual grasses in heavily grazed areas, a phenomenon which didn't
occur in lightly grazed areas.

Thairu and Tessema, 1987

Herbaceous legumes are not found in many grazing land in Sub-
Saharan Africa, especially those in the drylands, attributable to
susceptibility to drought, failure to cope with heavy grazing and
high cost of seeds.

Tieszen et al., 1979

In SSA low altitude grasslands are dominated by C4 species and high
altitude grasslands by C3 species.

Upton, 2012

The change in livestock production in SSA was driven by increasing
livestock numbers rather than gains in livestock productivity putting
pressure on SSA grazing lands and traditional grazing systems.
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Chapter 3. Continued.

Citation

Key point relevant to this study

Tredennick and Hannan, 2015

Trees can provide sources of fuel, forage and other products of
benefit to local communities.

Upton, 2012

Between 2000 and 2010, production of livestock increased by 3% in
Sub-Saharan Africa ; driven by increasing livestock numbers rather
than gains in livestock productivity.

Vagen et al., 2005

Burning is a common management practice in many grazing lands in
Sub-Saharan Africa dating back to prehistoric times.

von Wehrden et al., 2012

Reviewed 58 studies where rainfall variability and land degradation
had been studied, finding that degradation caused by grazing was
found almost exclusively in areas with relatively stable annual
precipitation.

Weber and Gokhale, 2011

Called for transformation of the debate over specific grazing
systems into a greater understanding of adaptive management
processes and attention to better management.

Western, 1982

Many pastoralists are subsistence herders often living in multiple
family groups with sufficient labour to ‘track’ changes in pastures
closely by moving and splitting herds quickly.

Williams et al., 2007

Had similar estimated for C losses from fires in savannas as found
by the CarboAfrica Project.

Winrock International, 1992

In Sub-Saharan Africa cattle, goats, sheep and camels are the most
common types of livestock.

World Bank, 2008

Livestock are an irreplaceable source of livelihood for the poor and
are one of the fastest growing agricultural sectors.

Woomer et al., 2004

In Senegal, estimated 0.77 t Cha_1 yr_1 could be sequestered over
20 years by restoring degraded grasslands to woody grasslands and
proposed that each percent increase in woody canopy cover results
in 800 kg C ha_1 in woody biomass.

Yayneshet and Treydte, 2015

Conducted a meta-analysis that included consideration of 34
studies from SSA which considered the effects of livestock grazing
on SOC and found no differences between rangelands, commercial
ranches and game reserves.

Chapter 4. Measuring rangeland health and soil carbon in Africa

Citation

Key point relevant to this study

AfSIS, 2014.

The Land health surveillance approach is being applied at Sub-Saharan Africa
scale in the Africa Soil Information Service.

AfSIS, 2015a

Deploying centralised calibration development and an online spectral
prediction application to reduce the need for each laboratory to develop its
own calibrations.

Aynekulu et al., 2014

The land health surveillance approach has been applied to assess impacts of
land management interventions such as the effects of livestock exclusion and
of fire on rangeland carbon stocks in Ethiopia and Burkina Faso.

Bellon-Maurel and
McBratney, 2011

A review showing an exponential increase in the use of near infrared (NIR)
and mid infrared (MIR) reflectance spectroscopy for soil analysis
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Bird et al., 2010

Found in their review of existing methods of carbon accounting that the IPCC
Good Practice Guidance for Land Use, Land-Use Change and Forestry (GPG-
LULUCF) and the 2006 IPCC Guidelines for National Greenhouse Gas
Inventories (2006 IPCC Guidelines) and The Voluntary Carbon Standard (VCS)
are the widely referred carbon accounting methods.

Cobo et al., 2010

IR data can be integrated with geostatistic data.

Conant et al., 2013

A number of carbon measurement schemes are emerging for specific
applications. However, lack of robust, rapid and cost-effective methods is a
major problem.

Croft et al., 2012

IR data can be integrated with remote sensing and topographic information.

de Gruijter et al., 2006

Monitoring of natural resources has become increasingly important over the
last five decades and this trend is likely to continue.

Donovan, 2013

The dry combustion or elemental analysis procedure is the most accurate
common test for soil carbon, and is often cheaper than other tests.

Ellis and Larsen, 2008

A number of carbon measurement schemes are emerging for specific
applications. However, lack of robust, rapid and cost-effective methods is a
major problem.

EthioSIS, 2014

The land health surveillance is being applied at national scale by the Ethiopia
Soil Information System

Harris et al., 2001

To remove the influence of inorganic carbon (carbonate) soil carbon is
determined on acidified samples, i.e. fumigated with hydrochloric acid to
remove inorganic carbon.

Henry et al., 2009

African soils are important carbon reservoirs in which the top 100 cm
constitutes about 68% of the terrestrial carbon pool of Africa.

Herrick et al., 2013

Monitoring of natural resources has become increasingly important mainly
due to human pressure on natural resources and increasing awareness of its
negative impact on ecosystem health and human wellbeing.

Huang et al., 2007

IR data can be integrated with remote sensing and topographic information
for digital soil mapping at landscape level.

IPCC, 2003

The development of locally calibrated models that can use easily collected
data, minimizing the cost of demonstrating a change in soil organic carbon
stock is a research priority.

Lee et al., 2009

Estimates of soil carbon stocks to a fixed depth using single depth bulk
density are often biased therefore it is necessary to consider corrections for
spatial and temporal variation in bulk density in quantifying SOC stocks along
a soil profile.
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Chapter 4. Continued.

Citation

Key point relevant to this study

McBratney et al., 2003

SOC monitoring at fine temporal resolution can be also achieved using a
digital soil mapping approach where SOC is predicted using covariates such
as terrain attributes e.g. topographic wetness index, spectral reflectance
bands from satellite imagery, land cover and natural vegetation, and parent
material

McCarty et al., 2002

To remove the influence of inorganic carbon (carbonate), soil carbon is
determined on acidified samples, i.e. fumigated with hydrochloric acid to
remove inorganic carbon.

Moreira et al., 2009

Have shown the potential application of IR to measure bulk density.

Murty et al., 2002

Found that the impact of conversion of forests into cultivated lands on the
changes in soil carbon stock was often inflated due to the confounding
influence of changes in bulk density.

Palmer et al., 2002

It is possible that the cheapest way to measure changes in soil carbon with
any of these methods is to collect, store, and then analyze a time series of
samples from the same soil (to determine any limitations resulting from soil
sample preparation and processing), in the same lab, at the same time.

Nocita et al., 2015

MIR is more reproducible and robust in measuring soil carbon than NIR.

Reeves lll, 2009

Has shown the potential application of IR to measure soil carbon onsite.

Rossel et al., 2006

MIR is more reproducible and robust in measuring soil carbon than NIR.

Rossel et al., 2014

Used IR data to develop soil carbon map of Australia.

Shepherd and Walsh,
2007

Soil sampling and infrared analysis can be integrated into study designs to
accumulate evidence on the impact of grazing land management
interventions on soil health and soil carbon stocks.

Shepherd et al., 2015

The key objectives are to: (i) identify land health problems, (ii) establish
quantitative objectives for land health promotion, (iii) provide information
for the design and planning of land management intervention programmes
and resource allocation priorities, (iv) determine the impact of specific
interventions, and (v) identify research, service and training needs for
different stakeholder groups.

Skjemstad and Baldock,
2007

Thermal oxidation - one of two widely used methods to measure soil carbon
content.

UNEP, 2012

The key objectives are to: (i) identify land health problemes, (ii) establish
guantitative objectives for land health promotion, (ii) provide information for
the design and planning of land management intervention programmes and
resource allocation priorities, (iv) determine the impact of specific
interventions, and (v) identify research, service and training needs for
different stakeholder groups.

UNFCCC, 2006

Although the change in SOC stock varies with factors that influence the rate
of production and decomposition of carbon, a five-year monitoring cycle is
recommended by IPCC, whereas UNFCCC recommend a monitoring interval
of between 10 and 20 years.

Vagen et al., 2013.

The land health surveillance applied at regional scale.

Vagen et al., 2012

Infrared spectroscopy data was used in mapping soil carbon in Kenyan
rangelands.

Vagen et al., 2006

At a continental level, climate tends to explain more variation in soil organic
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carbon than any other single factor but locally-historic land use often has a
dominant influence, and this may not be well reflected by current land use.

Walkley and Black, 1934

Walkley-Black procedure is one of two widely used methods to measure soil
carbon content.

Waswa et al., 2013

The land health surveillance applied at landscape scale.

Wynn et al., 2006

At a continental level, climate tends to explain more variation in soil organic
carbon than any other single factor.
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Chapter 5. Map-based estimates of present carbon stocks of grazing lands in Sub-Sahara Africa

Citation

Key point relevant to this study

AfSIS, 2015a

Landscape scale effects may be considered once high resolution soil property
maps, derived from digital soil mapping become available for Sub-Saharan
Africa.

Banwart et al., 2014

Effects of land use and management interventions on SOC dynamics largely
occur at the local scale.

Banwart et al., 2015

Changes in land use and management practices may result in significant
losses of SOC, with concomitant emissions of CO2 to the atmosphere, as well
as a deterioration of soil health and human livelihood associated with a loss
of soil organic matter content unless soils are judiciously managed.

Bationo et al. 2007

Changes in land use and management practices may result in significant
losses of SOC, with concomitant emissions of CO2 to the atmosphere, as well
as a deterioration of soil health and human livelihood associated with a loss
of soil organic matter content unless soils are judiciously managed.

Batjes, 2004

Earlier estimates of SOC reserves for Africa were based on coarser resolution
soil-geographic databases and a more limited set of soil profiles.

Bernoux et al., 2011

Possible changes in SOC content and net CO2eq emissions can best be
assessed using appropriately-scaled and regionally validated modeling tools
supported by long-term monitoring systems.

Conant et al., 2010

Possible changes in SOC content and net CO2eq emissions can best be
assessed using appropriately-scaled and regionally validated modeling tools
supported by long-term monitoring systems.

de Brogniez et al., 2011

Possible changes in SOC content and net CO2eq emissions can best be
assessed using appropriately-scaled and regionally validated modeling tools
supported by long-term monitoring systems.

Du Preez et al., 2011

Effects of socio-economically and biophysically driven changes in land use
and management on SOC content, including the occurrence of natural and
man-made fires, within the various livestock production systems, cannot be
distilled from the present continental-scale data sets.

Govender et al., 2006

Effects of socio-economically and biophysically driven changes in land use
and management on SOC content, including the occurrence of natural and
man-made fires, within the various livestock production systems, cannot be
distilled from the present continental-scale data sets.

Gray et al., 2011

SOC as a reflection of regional differences in the type and intensity of the soil
forming factors of climate, parent material, relief, organisms (notably
humans) and time.

Hengl et al., 2014

Landscape scale effects may be considered once high resolution soil property
maps, derived from digital soil mapping become available for Sub-Saharan
Africa.

Henry et al., 2009

Indicated that use of different soil profile databases, spatial datasets and/or
mapping approaches can easily lead to differences of up to 30% in the
estimates for SOC stocks for Africa.

lzac, 1997

Effects of land use and management interventions on SOC dynamics largely
occur at the local scale.
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Citation

Key point relevant to this study

Jenny, 1941

SOC as a reflection of regional differences in the type and intensity of the soil
forming factors of climate, parent material, relief, organisms (notably
humans) and time.

Milne et al., 2015

Changes in land use and management practices may result in significant
losses of SOC, with concomitant emissions of CO2 to the atmosphere, as well
as a deterioration of soil health and human livelihood associated with a loss
of soil organic matter content unless soils are judiciously managed.

Milne et al., 2012

Possible changes in SOC content and net CO2eq emissions can best be
assessed using appropriately-scaled and regionally validated modeling tools
supported by long-term monitoring systems.

Robinson et al., 2011

Estimates for mean SOC content, as observed in different livestock
production systems.

Vagen and Leigh, 2013

Landscape scale effects may be considered once high resolution soil property
maps, derived from digital soil mapping become available for Sub-Saharan
Africa.

van Wesemael et al.,
2011

Possible changes in SOC content and net CO2eq emissions can best be
assessed using appropriately-scaled and regionally validated modeling tools
supported by long-term monitoring systems.
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Chapter 6. Modeling Soil Carbon in African grazing lands

Citation

Key point relevant to this study

Ardo and Olsson, 2003

Linked CENTURY to a spatial database to make estimates of carbon
sequestration in a region in semi-arid Sudan; included grasslands and
savannas for which they simulated grazing intensity and fire regimes.

Barnwell et al., 1992

Model classification may include aspects of use of the model, such as how
well the model has been field tested and its performance, how well it is
documented, the agreement between the data needed by the model and
available datasets, its flexibility for use in addressing questions, and its
relative ease of use.

Bombelli et al., 2009

A lack of data on the carbon budget for African landscapes makes dynamic
modeling results more uncertain.

Boone et al., 2002

There have been many subsequent improvements to the SAVANNA model
and it has been applied to systems world-wide.

Used SAVANNA to assess the means in which vegetation changed under

Boone, 2005 increasing levels of landscape fragmentation in South Africa, Tanzania, and
Kenya.
Boone, 2007 There have been many subsequent improvements to the SAVANNA model

and it has been applied to systems world-wide.

Boone et al., 2011a

Some models are relevant to broader scales, e.g. G-Range.

Boone et al., 2011b

Linked SAVANNA model to agent-based household models.

Boone et al., 2013

Some models are relevant to broader scales, e.g. G-Range.

Ciais et al., 2009

Africa accounts for 20% of the total land surface of the earth, making its
carbon dynamics particularly relevant globally, however, these dynamics are
poorly understood.

Ciais et al., 2011

A lack of data on the carbon budget for African landscapes makes dynamic
modeling results more uncertain; proposed an African integrated carbon
observing system, where an array of eddy covariance flux towers in grazing
lands, ongoing satellite mapping of CO, CO2, CH4, fire, and land use change,
and modeling fuse to provide information to guide planning.

Coleman et al., 1997

The Rothamsted Carbon Model (i.e., RothC) is a simple and popular choice
for analyses of carbon dynamics, explicitly for non-flooded soils only.

Colomb et al., 2013

An example of this for GHG accounting models in general has been
developed by FAO and partners and consists of an Excel tool which guides
the user through a number of decision trees to arrive at the most
appropriate tool.

Conant et al., 2001

Existing soil carbon models can yield surfaces that align relatively closely with
observed values, and comparisons among modeling results are promising but
with sometimes high uncertainties — example: CENTURY model.

Conant and Paustian,
2002

Existing soil carbon models can yield surfaces that align relatively closely with
observed values, and comparisons among modeling results are promising but
with sometimes high uncertainties — example: CENTURY model.

Coughenour, 1992

Some models are relevant to landscapes, e.g. SAVANNA, an ecosystem
model created working in the Turkana District, Kenya.

Diels et al., 2001

Using RothC model in weighing the benefits of fertilization of West African
savanna crops.

Denish et al., 2015

Used G-Range model (a streamlined representation of the CENTURY model)
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in planning documents.

Easter et al., 2007

Working at the national scale, Kamoni et al. (2007) used the GEFSOC System
which links the CENTURY and the RothC models to a GIS to estimate C stock
changes for Kenya.

Ellis and Coughenour,
1998

There have been many subsequent improvements to the SAVANNA model
and it has been applied to systems world-wide.

Eve et al., 2014

Standardization of methods is steadily improving and made more
straightforward through web-based tools.

Fisher et al., 2013

In a nine model approach, noted two effects for increasing uncertainty
between models, droughts and increased observed CO2 — reduced
precipitation and hotter temperatures decrease CO2 uptake, and may
change the humid tropics from a net sink to a net source of atmospheric
CO2.

Galvin et al., 2004

There have been many subsequent improvements to the SAVANNA model
and it has been applied to systems world-wide.

Gilhespy et al., 2014

Provides a type of model ‘family tree’ for the DNDC (DeN:itrification
DeComposition) model which researchers have modified to apply to many
guestions, conditions, and regions.

Grote et al., 2009

Used DNDC model joined that to a land-surface model to yield a tool that
simulated climate chemistry and biogeochemical processes in a coupled way,
applied to a reserve in Burkina Faso.

Higgins and Scheiter,
2012

Landscapes in Africa are changing in ways that could change the regions’
capacity to store carbon, for example reforestation.

Huntzinger et al., 2013

Explicit comparisons between models are done, and help to identify both the
range of variation expected in results and the structural differences in
models that may lead to differences in outcomes.

Kamoni et al., 2007

Working at the national scale, used the GEFSOC System which links the
CENTURY and the RothC models to a GIS to estimate C stock changes for
Kenya.

Kaonga and Coleman,
2008

Using RothC model, carbon turnover was judged for coppicing fallows in
eastern Zambia.

Lardy et al., 2011

RothC, SOMA, and SOCRATES models use five carbon pools, whereas
CENTURY uses three pools plus aboveground and belowground plant residual
pools.

Li et al., 1992

The DNDC (DeNitrification DeComposition) model has been used all over the
world to simulate N20, CO2 and N2 emissions from agricultural soils.

Liu et al., 2011

Responses to disturbances such as droughts and fires are not simulated well
with current methods.

Manzoni and Porporato,
2009

Reviewed ~250 biogeochemical models, and classified their theoretical and
mathematical frameworks.

McGill, 1996

A practical means to speed analysts’ identification of appropriate models
would be helpful; classification may include attributes of the models, such as
time step, relative complexity, spatial and temporal scale, cost, and data
requirements.

Melillo et al., 1995

Quantitative comparisons of ecosystem models are difficult because any
disagreements in output may be due to different processes incorporated in
the models or different spatial or temporal scales.
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Milne et al., 2007

Working at the national scale, Kamoni et al. (2007) used the GEFSOC System
which links the CENTURY and the RothC models to a GIS to estimate C stock
changes for Kenya.

Milne and Brown, 1997

Landscapes in Africa are changing in ways that could change the regions’
capacity to store carbon, for example the loss of wetlands.

Nie et al., 1992

Increases in atmospheric CO2 could provide advantages to C3 woody plants,
causing large shifts in forest cover, which in turn could change soil carbon
balances, although increasing temperatures and reduced precipitation make
outcomes uncertain.

Parton, 1996

Suggests that sufficient modularity in simulation tools would allow
procedures from different models to be swapped, and the implications for
results explored.

Parton et al., 1987

The CENTURY model is a dynamic ecosystem model that simulates the
turnover of soil organic matter and plant nutrients, originally developed to
simulate conditions in the North American Great Plains grasslands but has
been adapted and applied to many ecosystems worldwide.

Paustian et al., 1997

Some of factors are not well represented in soil carbon models that may be
used in Africa due to a lack of observational data from the region and
because the majority of models have been developed and parametrized for
temperate conditions.

Ritchie, 2014a

Some models are relevant to landscapes, e.g. SNAP model which explicitly
incorporates plant compensation to grazing at an annual time-step; model
does not include nitrogen dynamics, but does include pathways for
decomposition by invertebrate detritivores such as termites.

Ritchie, 2014b

Adapted the SNAP model to the Northern Rangelands Trust conservancies of
northern Kenya.

Rosenzweig et al., 2014

Map data from the Agricultural Model Intercomparison and Improvement
Project.

Sankaran et al., 2008

C4 grasses, and the fires they support, have played a major role in preventing
trees from establishing and have led to the creation of vast areas of savanna.

Sitch et al., 2013

Ensemble model results (e.g., the TRENDY collection of eight dynamical
global vegetation models, where mean responses from multiple models
incorporate more relationships than any one model.

Smith et al., 2014

Using RothC model, compared the carbon balance of biogas digestion,
composting, and biochar in Sub-Saharan Africa.

Smith et al., 2010

The ECOSSE model (based on Roth-C) has been developed to deal with
flooded soils.

Smith et al., 1997

Existing soil carbon models can yield surfaces that align relatively closely with
observed values, and comparisons among modeling results are promising.

Still et al., 2003

Increases in atmospheric CO2 could provide advantages to C3 woody plants,
causing large shifts in forest cover, which in turn could change soil carbon
balances, although increasing temperatures and reduced precipitation make
outcomes uncertain.

Stockman et al., 2013

A difficult question regarding model portability is the degree to which
models must be assessed for each new application - using an application in
discovery and decision making without some calibration using local
observations would be risky.
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Thornton et al., 2003

Linked SAVANNA model to population-based household models.

Thornton et al., 2004

There have been many subsequent improvements to the SAVANNA model
and it has been applied to systems world-wide.

Thornton et al., 2007

There have been many subsequent improvements to the SAVANNA model
and it has been applied to systems world-wide.

Traore et al., 2007

New satellite sensors are becoming available, such as microwave sensors
that allow for estimation of tree biomass, which will reduce modeling
uncertainties

VEMAP members, 1995

A practical means to speed analysts’ identification of appropriate models
would be helpful; classification may include attributes of the models, such as
time step, relative complexity, spatial and temporal scale, cost, and data
requirements.

Weber et al., 2009

Used remotely sensed data to assess carbon balance results from the
ORCHIDEE, LPJ-DGVM, LPJ-Guess, and JULES models, with simulations done
using standardized protocols and forcing data (e.g., total precipitation,
temperature, humidity, wind); found the modeled results differ in
magnitude, but that the overarching patterns were similar.

West et al., 2012

Africa may be poised to experience more vegetation changes than other
regions of the world due to the commonality of C4 plants.

Williams et al., 2007

From the African Carbon Exchange project came the ACE model, focused on
carbon dynamics and the ways in which disturbances may alter land cover.

Woomer et al., 2004

Parameterized and applied CENTURY to grasslands with varying amounts of
woody cover in Senegal, using the analysis to estimate that restoring
degraded grasslands to woody grasslands in Senegal over a 20 year period
could sequester 0.77 t C ha-1 yr-1.
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Chapter 7. Model based estimates of potential carbon stocks in grass/rangelands in Sub-Saharan

Africa

Citation

Key point relevant to this study

Conant, 2011

All assessments of GHG mitigation potential in grazing lands were based on
the concept that a change in management practices can lead to a change in C
stocks and/or N20O emissions.

Conant and Paustian,
2004

To-date, limited data on grazing land management have constrained the
ability of researchers to delineate areas amenable to improved management
from those that are not amenable.

Conant et al., 2001.

Another limitation of most broad-scale assessments is that they have relied
on emission factors generated from the synthesis or meta-analysis of
published studies.

Henderson et al., 2015

Sought to estimate the effectiveness of mitigation practices in grazing lands
using process-based models and detailed spatial information.

Lal, 2004

Estimates for C stocks though improved management in grazing lands.

Ogle et al., 2004.

Another limitation of most broad-scale assessments is that they have relied
on emission factors generated from the synthesis or meta-analysis of
published studies.

Parton et al., 1998

Process-based model — the Daycent model.

Parton et al., 1987

Process-based model —the Century model.

Paustian et al., 1997

All estimates of mitigation potential were constructed using (1) information
about changes in soil C storage and N20 emission rates given a change in
land management and (2) information about where land management
changes were feasible.

Smith, 2008

Another limitation of most broad-scale assessments is that they have relied
on emission factors generated from the synthesis or meta-analysis of
published studies.

Smith et al., 2007

Estimates for C stocks though improved management in grazing lands.
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Chapter 8. Synthesis

Citation

Key point relevant to this study

Ardo and Olsen, 2003

Examples of application to situations in Africa including grazing lands are
limited but increasing in number.

Aynekulu et al., 2011

Although infrared spectroscopy significantly reduces the analytical cost of
measuring soil carbon, costs incurred in soil sampling and preparation still
form the largest component cost.

Conant and Paustian,
2002

Examples of application to situations in Africa including grazing lands are
limited but increasing in number.

Such landscape scale effects may be more easily considered now as high (250

Hengl, 2015 m) resolution soil property maps, derived from digital soil mapping, have
very recently become available for SSA.
In some cases the cost of demonstrating the change in carbon stocks in soils
IPCC, 2003 to the required accuracy and precision may exceed the benefits that accrue

from the increase in stocks.

Kamoni et al., 2010

Examples of application to situations in Africa including grazing lands are
limited but increasing in number.

UNCCD, 2012

The United Nations Convention to Combat Desertification (UNCCD) aims for
zero net land degradation by 2030.
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Appendix 2. Misconceptions about pastoralism
Robin Reid — Colorado State University, USA

Pastoral grazing strategies in sub-Saharan Africa form sophisticated management systems to sustain
human life in harsh environments. These pastoral institutions need be understood and built upon when
contemplating actions to improve carbon management. For example, there is a wide literature about
traditional rules concerning grazing movement to sustain grazing productivity and thus the resilience of
pastoral livelihoods (Ellis and Swift, 1988a; McCabe, 1990, 1994; Behnke ,1999; McCabe et al., 1999;
Niamir-Fuller, 1999c, a; Turner, 1999; Fernandez-Gimenez, 2002; Homewood et al., 2004; McCabe,
2004; Vetter, 2005; Fernandez-Gimenez and Le Febre, 2006; Reid et al., 2008; Butt et al., 2009;
Nkedianye et al., 2011; Turner, 2011; Goldman and Riosmena, 2013 Tsegaye et al., 2013). These
institutions (rules and norms) determine when and where people graze, for how long, with what types
of livestock, who uses which water source, and how to judge grassland health. These pastoral
institutions and norms have developed over the last 7000 years or so, when pastoralists became the first
people to produce food in much of sub-Saharan Africa (Marshall, 1998; Marshall and Hildebrand, 2002).
And they are still negotiated today, especially in the face of major development changes in pastoral
systems, especially those pastoral areas near towns and market centers, but also in more remote
rangelands where changes in climate are starting to occur.

Generally, dryland development efforts and policy are built on misconceptions about pastoral
management strategies and their impacts, even today. Unfortunately, this means that projects and
policy often promote changes to pastoral management that are neither helpful nor adaptive, based on
these basic misconceptions (Niamir-Fuller, 1999c;(Reid et al., 2014). Part of the reason for these
misconceptions is that most of the world’s people live far from rangelands (Safriel et al., 2005) in urban,
forested or farm-based systems, where climate is predictable and sedentary livestyles are viable. It is
difficult, and sometimes impossible, for people with this life experience to understand how to sustain
life in rangelands where vegetation and water resources are often ephemeral in time and patchy in
space, and pastoral movement to these ephemeral patches is a critical strategy to improve milk and
meat production (Boone and Hobbs, 2004).

Other misconceptions about pastoral management of rangelands, especially in Africa, include the
following (Reid et al., 2014), p. 220-221:

‘In the past, for example, we assumed most rangelands used in common by herders to be overgrazed and
degraded. Now we understand that many drier rangelands have non-equilibrium dynamics, where
climate has more impact on vegetation than grazing does (but these rangelands can still be overgrazed)
(Ellis and Swift 1988b, Vetter 2005, von Wehrden et al. 2012). In wetter rangelands, exhibiting
equilibrium dynamics, overgrazing of vegetation is more widespread. We now also understand that
rangelands often exhibit non-linear dynamics, where vegetation can shift from one state to another over
thresholds or past tipping points, rather than smoothly following a predictable vegetation succession
(Briske et al. 2005). Globally, many rangelands are shifting from grass to shrub or tree dominated
ecosystems (Asner et al. 2004), which we attributed to livestock grazing in the past. Today there is no
universally accepted explanation of those changes (D'Odorico et al. 2013). In the past, pastoralism was
thought to be the root cause of the spread of deserts, especially in Africa (Sinclair and Fryxell 1985). But
recent evidence suggests that pastoralists can promote greening by planting or conserving trees
(Sendzimir et al. 2011, Roba and Oba 2013), and that global rangelands are greening the world over
(Cook and Pau 2013). This leads some to suggest that degradation is not a widespread phenomenon, at
least in Africa’s Sahel (Fensholt et al. 2013).’
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‘Conventional wisdom about how pastoralists manage rangelands has changed just as dramatically. In
1776, Adam Smith’s Wealth of Nations popularized a notion that the natural advancement of livelihoods
and land use is from hunter to pastoralist to farmer. We now know that pastoralism evolved from crop
agriculture in many parts of the world, rather than vice versa. And it is clear that pastoralism is one of
the most efficient ways to turn sunlight into food in marginal lands. Misunderstanding of pastoral risk
management led to the idea that pastoralists are irrational to hold large herds (Herskovits 1926),
whereas today, this is understood to be a sound way to manage risk in the face of recurrent dry seasons,
drought and winter storms. The ‘tragedy of the commons’ promoted the idea that joint grazing of
rangelands by multiple herders inevitably leads to over use, because no herder has the incentive to
restrain from overgrazing the commons (Hardin 1968). In our view, this tragedy is misnamed and should
be called the ‘tragedy of open access’, since most pastoral communities have agreed upon rules of use
for their commons (McCabe 1990). Further work suggested what might be called a ‘tragedy of
enclosure’, when common lands become privatized and fragmented by boundaries, like fencing (Galvin et
al. 2008). Settlement of nomadic pastoralists and intensification of livestock production was promoted in
the past to exert political control over mobile populations, collect taxes, provide health and education
services, and increase productivity. As climate becomes more variable and pastoral movement more
important, it is not clear that privatization, settlement and agricultural intensification are the right
approaches to these problems. Comparing livestock weights on commercial ranches and pastoral
common lands gave the impression that commercial ranches are more productive. But the opposite is
true because high labor inputs and opportunistic grazing over large landscapes gives common land
pastoralists the edge in production per unit area over commercial enterprises (Sandford 1983).”

Pastoral subsistence strategies and movement systems in Africa

Most pastoralists in Africa are largely subsistence herders whose goal is to produce edible animal
products (milk, meat, ghee) as many days of the year as possible and to produce extra animals for sale.
To accomplish this, they keep a milking herd of females and a herd with multiple species (some
combination of camels, cattle, donkeys, sheep and goats) to avoid the risk of herding just one species.
Subsistence herders often live in multiple family groups to have sufficient labor to ‘track’ changes in
pastures closely by moving and splitting herds quickly (Western, 1982; Niamir-Fuller, 1999b), and thus
are able to support more animals on the same pasture than a commercial rancher can (Behnke, 1983,
1985).

There are five types of major movement management strategies that herders use in Africa that differ in:
1) how far the family moves, 2) how long they live in a place, 3) how they own the land, and 4) how
much they depend on growing livestock or crops to support their families (Reid, 2012). Nomadic herders
(‘pure’ pastoralists) move their families and herds frequently to greener pastures, live almost entirely off
their livestock, maintain only loose connections to markets and the state, often own land in common,
and often have no specific dry- and wet-season pastures. Seasonally moving herders (or transhumant
pastoralists) move livestock and part of the family between wet and dry season pastures that are
reasonably well defined, sometimes cultivate, and also own land in common (Bromley, 1991; Behnke,
1999; Zeidane, 1999; Little, 2003; McPeak and Little, 2005). Settled families with nomadic herds have
part of the family live permanently near a market center to access markets, schools and health care but
send livestock out with a herder to camps far from town (McPeak and Little, 2005). If it is wet enough,
the settled family might grow some crops.. Sedentary herder-farmers have permanent settlements,
herd animals in pastures around their settlements, grow crops and usually own their land (Turton, 1991;
Coppock, 1994; Fratkin et al., 1994; Lane, 1996; Niamir-Fuller, 1999a). Most rare in Africa are fenced
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ranchers who manage large tracts of fenced land and are well connected to meat and milk markets
(Blench, 2001).
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Appendix 3. Supplemental materials for Chapter 5

Niels H. Batjes — ISRIC, World Soil Information

This Appendix summarizes the data and GIS-based mapping procedures used to assess SOC stocks and

SOC content in “grazing lands” of Sub Sahara Africa, as presented in Chapter 5 of the report, as well as

some additional results and discussion.

Data
The study uses the following point and spatial datasets:

a)

b)

d)

e)

Soil-geographic data: The mapping unit composition for Africa, in terms of their component FAO soil
units (FAO, 1988), was derived from the Harmonised World Soil Database, v1.2 (FAO et al., 2012). For
selected regions, such as sections of Namibia, the soil-geographic was updated using more recent
materials (Jones et al., 2013). The grid cell size of HWSD is 30x30 arc-second or ~1km x 1km at the
equator; the underpinning base maps are at a broad scale of 1:1-1:5 million.

Soil profile data: Data for organic carbon content, bulk density and proportion of coarse fragments
(>2 mm), for defined soil depths (horizons), were extracted from the ISRIC-WISE database (Batjes,
2009, 2011). These data were subsequently used to calculate depth-weighted SOC contents for each
profile using procedures described in Batjes et al (2011).

Land cover: Areas mapped for various typologies of “grazing lands” vary substantially between GIS
datasets as definitions are not consistent between studies (White et al., 2000; Mayaux et al., 2003;
Suttie et al., 2005), despite ongoing standardization efforts (Allen et al., 2011). Based on intensive
discussions, the SOC-SSA project team finally adopted the 1x1km “Global Livestock Production
Systems” (GLPS) map of Robinson et al. (2011, p.146) as most appropriate for the present broad scale
analyses.

Climate: Differences in regional climate, as considered in the GLPS definitions (Robinson et al., 2011),
provided the basis for the present stratification by climate.

Country information: Sub-Sahara Africa (SSA) is defined according to United Nations (UN, 2012)
definitions; it consists of Africa minus Northern Africa (Algeria, Egypt, Libya, Morocco, Tunisia, the
Sudan and disputed Western Sahara). Country boundaries were taken from ESRI’'s World
Administrative Regions GIS-layer.

Methodology

The GIS-based mapping procedure include three main steps:

a)

b)

The global complement of soil profiles held in the ISRIC-WISE database (> 13,000) was analysed using
taxotransfer procedures that consider differences in FAO soil type (28) (FAO, 1988), soil texture
classes (5) and soil depth (7) (see Batjes et al., 2007; Batjes, 2012), plus climate (Peel et al., 2007) as
an additional criterion for clustering the profile data (For example, sandy soils (Arenosols) from Aridic
zones will generally have lower mean SOC contents than those from Temperate zones).

Procedures were developed for computing soil carbon stocks and area-weighted SOC content to O-
0.3m, 0-0.5, 0-1 m and 0-2 m that consider LGPS class, broad climate classes as well as FAO soil type,
building on earlier automated procedures (Batjes et al., 2007; Batjes, 2012).
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c) The various spatial data layers were combined and analysed using GIS overlays and subsequent SQL
queries.

Results

Main differences in area-weighted mean SOC content by GLPS (Robinson et al., 2011) are discussed in
the body of this report (Section 1.X). However, in view of imposed limitations of length for the body of
the report, the importance of regional differences in main soil type in determining mean SOC content in
a given GLPS, as expressed in its classification, will be illustrated here for the Rangelands (LG, Table 5)
and topsoil (0-0.3m).

Table 5. Mean soil organic carbon (SOC) content for selected FAO soil types represented in rangeland
livestock production systems in Sub Sahara Africa

Major soil group

(FAO, 1988) Livestock production system® SOC content (kg C m™)

0-03m 0-05m O0-Im 0-05m 0-2m

AC — Acrisols” LG Rangelands Arid 3.58° 471 6.63 8.02 9.07
LG Rangelands Humid 4.09 546 7.74 9.26 10.50

LG Rangelands Hyperarid 3.24 426 6.21 7.72 8.89

LG Rangelands Temperate 411 5.34 7.05 8.10 9.01

AL — Alisols LG Rangelands Arid 5.04 7.14 10.15 12.05 14.05
LG Rangelands Humid 5.93 7.56 9.62 10.94 12.05

LG Rangelands Temperate 7.33 9.98 14.48 17.17 18.80

AN — Andosols LG Rangelands Arid 9.88 14.10 20.27 25.26 29.68
LG Rangelands Humid 10.11 1448 20.61 25.25 29.02

LG Rangelands Hyperarid 1.85 277 4.13 5.11 9.04

LG Rangelands Temperate 10.12 1440 20.5 25.12 29.91

AR — Arenosols LG Rangelands Arid 1.47 2.08 3.02 3.75 442
LG Rangelands Humid 2.86 3.89 5.53 6.80 7.80

LG Rangelands Hyperarid 1.21 1.71 2.46 3.05 3.86

LG Rangelands Temperate 2.85 3.80 5.14 6.18 7.03

VR — Vertisols LG Rangelands Arid 4.71 6.65 10.26 12.60 14.82
LG Rangelands Humid 5.78 7.99 11.88 14.20 16.50

LG Rangelands Hyperarid 4.70 6.43 9.35 11.19 13.02

LG Rangelands Temperate 6.19 8.57 12.70 15.10 17.63

2 Global livestock production systems according Robinson et al. (2011) on et al, see Table 1. ®For a

brief characterization of these soil types see (Bridges et al., 1998). ¢ Coefficients of variation for SOC
content, per stratum, are generally greater than 50%.
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Coarse textured, droughty and nutrient poor Arenosols, for example, have a mean SOC content of 1.2 kg
C m™in the Hyperarid zone, 1.5 kg C m™in the Arid zone, and about 2.9 kg C m™in the Humid and
Temperate zone. In comparison, for the same livestock production system, relatively fertile, fine-
textured, swelling-and-shrinking clays soils (Vertisols) have greater mean SOC contents than coarse
textured (sandy) Arenosols: 4.7 kg C m™ in the Arid zones, 5.8 kg C m™in the Humid zone and 6.2 kg C m’
%in the Temperate zone.

The importance of nutrient status and clay mineralogy and is illustrated further for Acrisols (base
saturation <50% and CEC,, <24 cmol, kg’l) and Alisols (base saturation <50% and CEC., >24 cmol, kg'1 ),
that typically are medium to fine-textured with a clay-illuviation horizon (Bridges et al., 1998). Based on
the available data, mean SOC content of Acrisols is 3.24 kg C m™ in the Hyperarid zone, 3.58 kg C m?in
the Arid zone, and some 4.1 kg C m2in the Humid zone and Temperate zone. Alternatively, Alisols,
which are high activity clay soils (CEC, > 24 cmol, kg™), have a mean SOC content of 5.3 kg C m?in the
Arid, 5.9 kg C m™in the Humid and 7.3 kg C m™ in the Temperate zone. The importance of texture and
clay mineralogy (as expressed here by clay activity), hence water holding capacity and infiltration rate,
and overall soil fertility (expressed above by the base saturation), is also reflected in the figures for
naturally fertile soils formed over volcanic ash (Andosols): 1.9 kg C m™ in the Hyperarid zone, where
rainfall is strongly limiting for biomass production, to around 10 kg C m™in the other zones.

Discussion

More detailed analyses of “present” SOC levels in SSA would require a wider selection of soil profiles for
the region with well-documented land use and management histories. However, for most legacy soil
profiles this information has not been reported in the source materials or, when available, using a
diverse range of classification systems that prove cumbersome to harmonize to a common standard
(Batjes, 2011; Leenaars et al., 2014). Alternatively, in the near future, digital soil mapping procedures
that consider a temporal dimension (4-D; x,y, z and time), may be able to account for possible effects of
land use and management changes on regional SOC stocks over the last decades (see Minasny et al.,
2010; Ross et al., 2013; Hengl et al., 2014), and this with defined levels of uncertainty at an increasingly
fine resolution.
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