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1. Introduction 

This paper provides an overview of our understanding of soil organic carbon (SOC) as it is 

relevant to SOC management, more specifically within the context of the Global Environment Facility 

(GEF). Two major objectives of GEF are directly related to SOC management. First, SOC is a very 

important component of the global carbon cycle and the fate of SOC will have an important impact 

on the future global climate. GEF supports developing countries and economies to move towards a 

low-carbon development path in the framework of Climate Change Mitigation (CC-M, Anonymous 

(2010)). This requires full consideration of the SOC stocks in developing countries and calls for the 

development of SOC management strategies that allow these stocks to be maintained or even to 

increase. Second, GEF aims to increase global food security by investing in the development and 

implementation of sustainable land management practices. Improving soil health is a basic element 

of this strategy, as healthy soils are not only more productive from an agricultural point of view but 

also provide other key ecosystem services to humanity. Maintaining a healthy level of SOC is 

quintessential for maintaining or improving soil health and is explicitly mentioned in GEF strategy 

documents (Bakarr, 2012) 

Given this particular perspective, we provide a thorough scientific underpinning for all 

statements that are made but we have deliberately chosen not to discuss the various aspects of SOC 

dynamics in full detail. We do hope that by doing so, readers will gain an insight in the complex 

interdependencies that may affect SOC dynamics. Furthermore, we provide directions to incorporate 

SOC management in the sustainable land management strategies that we need to develop in the 

near future, especially in the developing world.  An earlier draft of this paper was used as a basis for 

discussion at the GEF/STAP workshop on SOC management for global benefits in Nairobi (September 

2012).  

2. Soil organic carbon – its spatial and temporal dimensions 

The carbon cycle is essential for life on Earth: while photosynthesis by plants, algae and 

cyanobacteria is the key mechanism allowing life to capture the Sun’s energy, carbon dioxide (CO2) 

respiration is the main mechanism through which autotrophs and heterotrophs use part of the 



stored energy to fuel their metabolism. Within the carbon cycle the soil acts as a major reservoir. 

Although there is large uncertainty associated with estimating the mean soil carbon (C) content of a 

biome or soil taxonomic order, with coefficients of variation in the order of ca. 65%, recent estimates 

for the global soil C reservoir converge (Jobbagy and Jackson, 2000; Hiederer and Köchyl, 2012).  It is 

estimated that global soils contain between 1400 and 1600 Pg C (1 Pg = 1015g) in the upper meter, 

whereas the next 1 m of soil contains an additional 500 – 1000 Pg C (Table 1). These estimates imply 

that the soil organic carbon pool is more than twice the size of the atmospheric carbon pool (ca. 800 

Pg) and about three times the amount of carbon in vegetation (ca. 550 Pg C). The exchange of C 

between terrestrial and atmospheric reservoirs, due to photosynthesis and respiration, is in the 

order of 120 Pg C per year in each direction (Houghton, 2003). The overall size of the soil C reservoir 

is therefore relatively large compared to these gross annual fluxes of C.  

 

Source 0-1 m 0-2 m 

Batjes (1996) 1462-1548 2376-2456 

Kasting (1998) 1580  

Robert (2001) 1500 2456 

Jobbagy and Jackson (2000) 1502 1993 

Post et al. (1982) 1395  

Hiederer and Köchyl (2012) 1417  

Table 1 Global soil organic carbon (SOC) estimates (Pg) in soils to 1 m and 2 m depth 

In a first approximation, the carbon stock in a soil can be seen as the result of a balance 

between carbon input rate (I) on the one hand and carbon loss, mainly through respiration (R), on 

the other hand. The carbon input is the sum of all organic carbon that is added to the soil per unit of 

time (usually a year). It consists of the carbon present in crop residues, roots that die off, organic 

carbon in manure etc.  Microbial life decomposes the carbon compounds to extract chemical energy 

from them, which, under aerobic conditions, finally results in the emission of CO2. Anaerobic 

decomposition of organic carbon compounds, which occurs in waterlogged soils but is energetically 

far less efficient and proceeds at much slower rates, results in the emission of methane (CH4) to the 

atmosphere. Keeping everything else constant, the amount of SOC that will be microbially 

metabolized/decomposed will be proportional to the amount of carbon present in the soil. Hence, 

doubling the soil carbon stock will then result in a doubling of the respiration rate.  



 

 

Figure 1 The kitchen sink as an analogy for SOC storage: the sink level is analogous to the total SOC 

inventory of a soil while the tap discharge represents C input (I) and the drain discharge the C respiration 

rate (R). Panels a-c illustrate that different levels of equilibrium in SOC stocks (sink levels) are possible, 

depending on the amount of C input  and C respiration (the drain discharge, R). Panels d-f illustrate the effect 

of changes in input or decomposition: if the input (tap discharge) decreases, e.g. due to crop residue 

removal, the level of the sink (C stock) will lower until the drain (respiration) rate is again equal to the new 

input rate (d). Similarly, if the C input rate (tap discharge, I) increases, e.g. due to enhanced vegetation 

growth caused by CO2 fertilization, the sink level (SOC stock) will rise (e).  Respiration rates may also change: 

climate warming and/or soil disturbance may lead to an increase of C respiration, leading to a decrease in 

the SOC stock (f).  

The amount of C in a soil is therefore the result of a balance between carbon input, which is 

essentially independent of the SOC stock in the soil, and respiration, which will be proportional to the 

magnitude of the SOC stock. A meaningful analogy is water level in a kitchen sink (Figure 1): the level 

of water (the SOC stock) is determined both by the rate at which water is added (i.e. the discharge 

from the tap, independent of the water level in the sink, the organic carbon input) and the rate at 

which it flows away through the drain (controlled by the water level in the sink, the C respiration 

rate). The equilibrium stock of water results from both the magnitude of the input (tap discharge) as 

well as that of the output (controlled by the diameter of the drain and the water level). As the output 

is dependent on the level in the sink (the SOC stock) equilibrium will be reached at a certain water 

level (or SOC stock). The ratio of outflow over total water volume in the sink determines the mean 

residence time of the water: the mean residence time (MRT) of SOC follows from a similar 

calculation: 
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Where MRT = the mean residence time (yr), SOC = the total SOC stock in the soil over a 

certain depth (kg C m-2) and R = the respiration rate (kg C m-2 yr-1). As the respiration is assumed to be 

proportional to the total SOC stock, this can be written as:  

 

Or: 

 

Where k= the decomposition rate (yr-1). 

Barring human disturbance, the exchange between the soil reservoir and the atmosphere is 

globally in near-equilibrium: about 60 Pg of soil organic carbon is added annually to the soil reservoir 

through litterfall, throughfall, stemflow, crop residues and root turnover and a similar amount is lost 

by respiration of soil organisms, roots and mycorrizhae (Raich and Schlesinger, 1992; Houghton, 

2007). A relatively minor amount of SOC (ca. 2Pg, not accounted for the in the kitchen sink analogy) 

is lost by the transport of dissolved organic carbon (DOC) and particulate organic carbon (POC) into 

rivers: a relatively large fraction of the latter (about 0.75 Pg) is decomposed in the aquatic system 

and released to the atmosphere, the rest is transferred to the ocean reservoir or stored in sediments 

(Cole et al., 2007). Further losses occur through fires (van der Werf et al., 2010). These figures show 

that at least part of the soil carbon reservoir is relatively labile:  2-3% of all soil organic carbon is 

annually replaced, placing the MRT of the soil C reservoir that exchanges with the atmosphere at 30-

50 yrs. However, the soil C reservoir is not a single homogeneous reservoir but is a heterogeneous 

mixture of soil organic matter (SOM, i.e. the matter that contains organic C) constituents in all stages 

of decay. As a result, the different constituents of SOC (often referred to as different carbon pools) 

have different residence times which may vary from < 1 y for fresh leaves to> 10000 y for very stable 

carbon components (Trumbore, 2000). There is general agreement that SOC dynamics can be 

functionally described using models that explicitly consider pools differing in residence times. For 

example, the RothC model subdivides SOM into ‘decomposable’ and ‘resistant’ plant material, 

microbial biomass, ‘humified’ organic matter and ‘inert’ organic matter with MRT’s of 0.1,0.3, 1.5, 50 

and >10000 yr, respectively (Coleman and Jenkinson, 1999).  

In its most simplistic form, the role of SOC in the global carbon cycle will depend on the 

balance between changes (as affected by climate, land use and management) in organic matter 

decomposition on the one hand and organic matter input on the other hand. If a temperature rise 

would lead to an increased decomposition rate (the drain diameter increases) and a comparatively 

lower increase in primary productivity (i.e. the tap discharge increases, but less than the drain 

discharge), global SOC stocks may decrease (the water level in the sink decreases), thereby 

contributing to further warming. If, on the other hand primary productivity (and hence input of 

organic carbon into the soil reservoir) increases faster than decomposition, then the SOC stock may 

rise and the soil may form a sink for atmospheric C. A recent meta-analysis confirmed that SOM is 

indeed responsive to global change. Globally, soil respiration rates have indeed increased and this 

increase is correlated with (positive) temperature deviations (Bond-Lamberty and Thomson, 2010). 

While this may sound alarming at first sight, the analysis above shows that this does not imply that 
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soils are a net source of C to the atmosphere as this increase in respiration may well be a response to 

increased organic matter inputs and hence net increased SOC stocks in the soils.  

Evidently, the rough model that is proposed above is a strong simplification. It is important to 

keep in mind that organic matter decomposition and primary productivity cannot be considered in 

isolation as they interact in multiple ways, which may lead to different outcomes, for instance 

depending on local soil conditions (Heimann and Reichstein, 2008). Nevertheless, manipulating the 

size of the soil C reservoir through increasing C inputs (e.g. reforestation of cropland, improved 

efficiency of animal manure and crop residue use, conservation management, etc.) or decreasing 

SOM decomposition (e.g. zero/reduced tillage, improved forest management, set-aside of 

agricultural land, etc) is at the heart of soil carbon sequestration.  It should be stressed that soil 

respiration (and the associated SOC loss) is not bad per se. SOM decomposition is the inevitable 

consequence of active soil microbial life extracting its energy from it. This microbial life is essential 

for plant growth and crop production as it makes nutrients available for plant take up. Thus, as 

Janzen (2006) put it: ‘ (some of) the benefits of organic matter arise, not from its accumulation, but 

from its decay’. We therefore need to develop strategies that maintain (healthy) respiration and, at 

the same time, allow the SOC reservoir to increase or at least to be maintained at the current level.   

The global distribution of soil organic carbon is spatially very uneven (Figure 2). Estimates of 

SOC stocks per unit surface area (also called SOC inventories or SOC densities) by Jobbagy and 

Jackson (2000) and Tarnocai et al. (2009)  up to a depth of 3.0 m vary between 291 Mg C ha-1 for 

tropical forests and 91 Mg C ha-1 for boreal forests. Boreal peatlands have carbon densities far 

exceeding those of other soil types (> 1000 Mg C ha-1). Croplands have, on average, a relatively low 

SOC density of ca. 177 Mg C ha-1 (Jobbagy and Jackson, 2000).  

The distribution of SOC stocks is controlled by both natural and human factors. Soils can 

store large amounts of SOC when either decomposition rates are very low such as is the case in 

peatlands and/or primary productivity is high, such as in tropical rainforests. Low SOC densities such 

as in deserts/shrubs and croplands are explained by either a low C input rate (due to low primary 

productivity or the removal of plant organic matter at harvest), a high SOM decomposition rate (e.g. 

due to a warm climate or soil disturbance) or a combination of both (Johnston et al., 2009). It 

appears that there is a relatively strong consensus on the total global magnitude of the SOC stock, 

but its distribution over different biomes (and hence corresponding carbon densities) is much less 

certain. Eglin et al. (2010) illustrate this by comparing the estimates derived by Jobbagy and Jackson 

(2000) with those reported by the IPCC, based on estimates by WBGU (IPCC, 2000): the WBGU’s 

estimate of SOC density under tropical forest is 723 Mg/ha rather than the 282 Mg/ha reported by 

Jobbagy and Jackson (2000). Variations for other biomes are similar in magnitude: this observation is 

important as it implies that total global estimates, which are obtained by summing estimates for 

individual biomes, will be subject to a relative uncertainty that is at least of the same order of 

magnitude as the relative uncertainty for estimates of individual biomes. Furthermore, the 

convergence of global estimates may partly be due to the fact that former estimates are re-used in 

updated estimates. A recent, thorough discussion on the factors causing differences in global soil 

carbon estimations can be found in Hiederer and Köchyl (2012).  

 



 

Figure 2 Global variation in SOC density, 0-1 m depth (Mg C ha
-1

), own processing based on data 

from the amended Harmonized Soil Database (Hiederer and Köchyl, 2012; Panagos et al., 2012)  

Understanding the dynamics of the SOC reservoir at the global scale is critically important for 

assessing future climate change, especially due to the climate-carbon feedback. Progressive warming 

may indeed lead to an overall increase of SOC respiration rates, thereby releasing additional CO2 and 

exacerbating global warming (Jenkinson et al., 1991; Davidson and Janssens, 2006).  Past human 

impact on the global SOC pool appears to be mainly related to land use change and, to a lesser 

extent, land management changes. The conversion of forest and grassland to cropland has generally 

led to a strong and generally rapid (i.e. a response times of less than 50 years), decrease in SOC 

stocks, which was first assessed by Houghton et al. (1983). A detailed overview of  the experimental 

data available on land use change effects on SOC stocks has been provided by Guo and Gifford 

(2002). They found an average reduction of ca. 42 % of SOC stocks when land was converted from 

forest to cropland. The decrease was even stronger when pasture was converted to cropland (59 %). 

Changes in SOC stocks for land use changes in the opposite direction are also important with an 

average increase of 53% when cropland was converted to secondary forest, but only 19% on average 

when cropland was converted to pasture. 

Although the magnitude of short-term (i.e. decades) SOC stock changes due to relatively 

recent land use changes are relatively well constrained, the latter is not true for SOC stock changes 

over longer time spans (centuries to millennia). Ruddiman (2003) was the first to notice that, 

contrary to what is observed for other interglacials, atmospheric CO2 has risen consistently from ca. 

260 ppm to ca. 280 ppm between 8000 BP and 1000 BP and attributes this change to the impacts of 

early deforestation, releasing ca. 300 Pg C from the soils to the atmosphere. However, this view is 

not generally accepted as the δ13C record as well as simulations of carbon dynamics over the entire 

Holocene suggest that other mechanisms are responsible for the observed increase (Joos et al., 2004; 

Elsig et al., 2009). More recent estimates of the historical, pre-industrial release of SOC due to human 

land use changes are significantly lower than the number proposed by Ruddiman, although they still 

show a considerable range (48-114 Pg (Pongratz et al., 2009).  
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Boreal Forest 12 93 125 112 150  

Crops 14 112 177 157 248  

Deserts 18 62 115 112 208  

Sclerophyllous shrubs 8.5 89 146 76 124 U 

Temperate Deciduous forest 7 174 228 122 160  

Temperate Evergreen forest 5 145 204 73 102  

Temperate Grassland 9 117 191 105 172  

Tropical Deciduous forest 7.5 158 291 119 218 U 

Tropical Evergreen forest 17 186 279 316 474 U 

Tropical savanna/grasslands 15 132 230 198 345 U 

Tundra 8 142 180 114 144 U 

Total of above 121   1502 2345  

Peatland 3.5  1140-1430  400-500 U 

Permafrost* 18.8  544  1024 U 

Table 2 Total C stocks and C densities in different biomes, based on data from Jobbagy and Jackson 

(2000) and Tarnocai et al. (2009), *partly includes peatlands, boreal forests and boreal grasslands. 

Assessment of stocks marked with U are particularly uncertain. 

At first sight, it appears to be more straightforward to assess the effects of more recent land 

use changes as more historical data are available. Several studies did indeed attempt to assess the 

loss or gain in SOC over the last 1-2 centuries. Using a spatially explicit model, Eglin et al. (2010) 

concluded that overall SOC stocks did not change much over the last century (1901-2000). Model 

simulations accounting for temperature, CO2 fertilization and land use change effects resulted in an 

overall, non-significant decrease of ca. 7.3 Pg C of the global SOC stock. If land use change was 

omitted, an increase of ca. 27 Pg was simulated, resulting in an overall gross land use effect of -34.3 

Pg. Thus, the negative effects of land use change were more than compensated for by the positive 

effects of global warming and CO2 fertilization. Their results deviate from those of an earlier model 

comparison study, where most models simulated a more important increase (up to 80 Pg C) of the 

SOC stock between 1900 and 2000 (Friedlingstein et al., 2006). Eglin et al. (2010) attributed this to 

the fact that their model setup allows them to properly take into account the effect of land use and 

historical land use changes, a capacity that most of the models used by Friedlingstein et al. (2006) 

lacked. Other studies focusing on the effect of land cover change (neglecting effects of climate 

change) result in estimates of C releases to the atmosphere between 108 Pg and 188 Pg for the 

period 1850-2000 or 1850-1990 (Olofsson and Hickler, 2008; Strassmann et al., 2008; Pongratz et al., 

2009): these losses, however, include losses from both vegetation and soil and are therefore larger 

than those obtained by Eglin et al. (2010) for SOC only. It should be kept in mind that, over the last 

decades, net SOC losses due to deforestation and agricultural intensification may have been reduced 

or even be totally compensated by recent afforestation, especially in temperate areas, which is not 

adequately captured by land use datasets (Kaplan et al., 2012).  

Estimates with respect to future changes in SOC stocks are evidently even more uncertain. 

Most often it is assumed that future changes in SOC stocks may be more negative and that additional 



releases of SOC to the atmosphere may be expected. The reasoning behind this is that, with 

increasing CO2 levels, its positive effects on plant growth will reach a saturation level as other factors 

become limiting, thereby fundamentally limiting carbon inputs into the soil (Jenkinson et al., 1991). 

On the other hand, SOC decomposition rates may continue to rise with increasing soil temperatures. 

The latter may have particularly important implications for the stability of the large SOC pools in 

arctic zones, where SOC decomposition may be strongly stimulated by the strong temperature 

increase in this region (Schuur et al., 2009), possibly exacerbated by fertilization effects (Mack et al., 

2004). While there is indeed reason for concern, it should be clear that our understanding of the 

basic mechanisms controlling SOC dynamics is still insufficient to make reliable estimates (Trumbore 

and Czimczik, 2008; Schmidt et al., 2011),  and in particular the effects of rising temperatures on 

adsorbed SOC may be lower than expected (Davidson and Janssens, 2006). Further progress in the 

understanding of how SOC responds to temperature changes will require studies that are specifically 

designed to disentangle the various mechanisms controlling the temperature response of different 

SOC pools (Conant et al., 2011).  Conant et al. (2011) describe how various processes 

(depolymerization of SOC, microbial enzyme production, adsorption-desorption) may control the 

overall response to temperature change. While it may be possible to identify the exact contribution 

of changes in various process rates in a controlled setting, predictive modeling based on such a 

mechanistic approach will be complicated by difficulties in parameterizing such a model in a real 

world setting. As more detailed environmental models have more degrees of freedom and require 

more parameter values, their predictive application is almost invariably plagued by uncertainties, 

both with respect to the determination of the correct parameter values and with respect to the final 

predictions (Beven and Binley, 1992; Govers, 2011). Adding to our ignorance is our uncertainty on 

how future climatic changes may change local soil conditions: a recent modeling study (Falloon et al., 

2011) showed that the magnitude and the sign of the soil carbon-climate feedback may critically 

depend on the highly uncertain evolution of soil moisture as the latter has a strong impact on SOM 

decomposition rates.   

Also with respect to management, both positive and negative management effects are 

present. Improved drainage of waterlogged soils and peatlands contributes significantly to the 

release of C from the soil to the atmosphere (Bellamy et al., 2005; van Wesemael et al., 2010; Liu et 

al., 2011). On the other hand appropriate management of cropland may lead to significant gains in 

SOC (Ogle et al., 2005; Sanderman et al., 2010), although the latter does not appear to be always the 

case (Manley et al., 2005; Angers and Eriksen-Hamel, 2008).  

This part of our analysis has not gone into any detail with respect to the management of SOC 

for global environmental benefits. Nevertheless, some important conclusions may be drawn that 

have significant implications for SOC management. First, SOC is not only important when looking at 

the environment from a soil quality perspective. The potential impact of future variations of the 

global SOC pool on the global climate is highly significant. Given the magnitude of the climate change 

that is expected for the next century, it may safely be assumed that the interest in sound SOC 

management will therefore continue to rise.  Second, SOC stocks are responsive to environmental 

changes and human impact. A multitude of studies has shown that total SOC stocks can be strongly 

affected by land use and land management. Significant changes occur within a time span of several 

decades, as can be expected from experimentally determined MRT’s for SOC. The latter also implies 

that the benefits of sound SOC management will be noticeable over similar timescales and may 

therefore, at least theoretically, indeed be of relevance to the mitigation of greenhouse gas 



emissions (Lal, 2004). At the same time however, the response of the SOC reservoir to any external 

forcing will show a considerable lag time (Poeplau et al., 2011): hence, the various SOC reservoirs 

should be considered to be out of equilibrium in an era such as ours, where diverse rapid changes 

both directly and indirectly affect soil organic carbon. Clearly, this may have implications both for 

SOC management as well as for the evaluation of the effectiveness of different management 

techniques (Sanderman et al., 2010). Finally, it is clear that important uncertainties are associated 

with estimates of SOC stocks, their historical changes as well as their future changes. These 

uncertainties are unlikely to be greatly reduced in the near future. Therefore recommendations with 

respect to SOC management will need to account for them.  

3. Soil Organic Carbon – Major Issues of Potential Relevance to 

the GEF 

Maintaining carbon stocks in soils is a traditional – while often neglected - management goal 

in sustainable agriculture supporting food security. It generates a large number of additional benefits 

pertaining not only to climate change mitigation but also to biodiversity conservation and other 

ecosystem services which derive directly from maintaining natural ecosystems. While only indirectly 

addressing the objectives of the GEF, the issue of sustainable agriculture is a pertinent one. Soils 

better endowed with stable SOM do perform better in providing a large number of soil functions that 

are critical for crop production. These include nutrient and pH buffering, water retention and soil 

structural stability and a higher agronomic efficiency with respect to fertilizer inputs (Vanlauwe et al., 

2011). Through this latter effect, the use of these often expensive commodities, in some cases 

consuming non-renewable resources (e.g. rock phosphorus deposits) can be minimized with an 

ensuing positive impact on the environment. The link with the GEF builds on the intrinsic connection 

that exists between carbon stocks in soil and soil quality. Effectively, maintaining carbon stocks and 

soil quality is closely linked to the maintenance of crop production levels on the existing croplands. 

(Tilman et al., 2011) estimated that to meet the increasing food demand by 2050, while minimizing 

environmental impacts, requires a radical shift. It implies a move from the ever-intensifying 

agriculture in richer nations with expected diminishing returns on investments and greater land 

clearing in poorer nations towards moderately intensifying agriculture in the ‘underyielding’ nations. 

The latter would be achieved through a transfer of high-yielding technologies (organic matter 

management, soil conservation, improved germplasm, fertilizers, crop protection, etc.) to these 

croplands, allowing farmers to continue farming the same area of land, but with better returns.  

As a matter of fact, the suggested shift is nothing less than what we could refer to as ‘best 

practices’ in tropical soil fertility management or Integrated Soil Fertility Management as defined by 

(Vanlauwe et al., 2010). It inevitably implies a strong emphasis on SOC management. At the heart of 

the reasoning lies the rationale that together with the obvious adverse effect of land clearing 

(estimated at 1 billion ha per year) on greenhouse gas production, the low efficiency of nitrogen use 

in over-intensified agriculture leads to excessive greenhouse gas emissions in the order of 3 Pg yr-1 

(C02-C equivalent). Adopting the alternative path, however, would reduce the annual land clearing to 

0.2 billion ha yr-1 and greenhouse gas emissions to about 1 Pg yr-1 (C02-C equivalent, Tilman et al., 

2011). It is important to emphasize the apparent contradiction that intensifying agriculture with 

increasing nitrogen fertilizer use in some areas does lead to an reduced environmental impact at a 



global scale. It points to the risk of imposing regulations and solutions that ‘work’ in the better 

endowed regions to poorer regions where food security is still a very important issue.   

In short, while maintaining soil carbon stocks is a sensible management goal from the climate 

change perspective, it remains crucial to reach food security in the long run. The necessary 

combination of organic matter management and inorganic fertilization, combining the best out of 

two worlds, to reach the required level of staple food production in Africa illustrates this eloquently. 

(Sanchez, 2010)    

Describing the dynamics of SOM has been a persistent research area over the last decades 

previously triggered by its perceived impact on crop production – and indeed literature abounds with 

examples of this (Lal, 2001) – but nowadays also spurred by a concern about the role terrestrial 

carbon stocks fulfill in the global carbon budget. Its widely variable and heterogeneous composition 

and the difficulties in assessing its chemical structure have long been hampering significant progress 

in this area. In this context, it is interesting to observe that the traditional attempts to elucidate the 

chemical structure of SOM components, first seemingly abandoned during the seventies to nineties 

in favor of the more tangible physical fractionation schemes, now seem to make a comeback. This 

reversal was made possible by the emergence of more sophisticated analytic tools such as NMR 

spectroscopy, (e.g. Kiem et al., 2000), which allow detailed observations without disturbing the 

intricate interactions between organic and mineral components of the soil. However, despite 

significant progress in elucidating the chemical structure of SOM components (Kelleher and Simpson, 

2006) and their distribution at a very fine scale (Lehmann et al., 2008b), direct links with their 

functionality and/or immediate predictions about their dynamics remain a challenge.  

It has long been recognized that descriptions of the behavior of organic matter is made more 

easily when the entire SOM pool is separated into fractions which are more homogeneous and more 

similar in behavior in comparison to the entire pool (Six et al., 1998). During soil formation, an 

intricate process of decomposition and intimate mixing of SOM and mineral soil constituents occurs, 

making it a complex issue to understand what controls the stability of organic components in a soil. It 

is difficult to know whether it is the chemical structure of organic matter, the degree of association 

of organic matter with mineral surfaces of various types, the degree of pore filling and/or the degree 

of physical separation that render the organic material more or less accessible to the soil biota 

responsible for their degradation. Furthermore these factors clearly interact in two directions. While 

the chemical structure of SOM will affect its association with mineral surfaces, the degree of physical 

protection will ultimately also affect the chemical structure of the soil organic carbon that is 

preserved.  

The separation procedures that are currently used are based on density and/or size 

separation. The fact that these procedures result in SOM fractions with a clearly different 

composition and/or response (e.g. respiration rates after incubation, see for instance Zimmermann 

et al. (2007)) suggests that interaction with mineral components of the soil matrix are overruling the 

chemical characteristics of the SOM when it comes to decomposability. Combining density, 

aggregate- and particle-size fractionations has been proven to isolate fractions of SOM that are 

relevant in a wide range of ecological contexts. Some fractions react to changes in management 

more readily than the bulk SOM (Elliott, 1986; Christensen, 2001; Six et al., 2002). The most resistant 

plant-derived fractions are often found in the smallest size separates, i.e. the clay and fine silt 

fraction, where they are strongly associated with soil minerals. It stands beyond doubt that this 



approach has had a tremendous impact on our understanding of how soil aggregate stability 

interacts with organic matter dynamics and how various management decisions affect soil carbon 

stocks.  

Yet, recent trends combine the above mentioned density/size separations with advanced 

spectroscopic techniques as the different size separates continue to harbor a large variability in 

characteristics, depending on their origin and history. Pyrolysis-field ionization mass spectrometry, 

scanning transmission X-ray microscopy (STXM), Near Edge X-ray Absorption Fine Structure 

(NEXAFS), 13C-NMR, MIR (Mid-infrared spectroscopy), VNIR (visible/near-infrared spectroscopy), 

nano-scale secondary ion mass spectrometry (nano-SIMS) among other techniques, are increasingly 

used to further elucidate the relationships between the different carbon pools and their kinetic 

behavior  (Lehmann et al., 2005; Wan et al., 2007; Kruse et al., 2010; Gillespie et al., 2011). Some of 

the mentioned methods yield information on where the carbon is residing in the soil matrix and in 

what form, i.e. as a coating or a discrete particle; while other methods give detailed information 

about elemental composition and the presence of functional groups like aromatic, aliphatic, 

carboxylic or phenolic ones. The main lesson that surfaces from the more recent works is that real 

progress can only be achieved by a combination of a multitude of approaches, integrating the 

structural chemistry work with more conceptual or pragmatic approaches based on functional 

carbon pools. Ideally, experiments and monitoring should feed into a modeling framework that 

allows carrying out scenario analyses predicting soil carbon dynamics under changing climate and/or 

changing land use. Promising indicators based on the combination of stable isotopes and 

conventional elemental analyses (Conen et al., 2008a; Conen et al., 2008b) or biochemical 

components such as lignin-derived phenols or suberin/cutin derived fatty acids (Crow et al., 2009) 

are emerging over the last years.   

A SOM fraction gaining increasing attention in recent years is black carbon as a residue of 

fires (Schmidt and Noack, 2000). Black carbon was found to be a ubiquitous component of soils 

(Skjemstad et al., 2002; Krull et al., 2008). Despite the comparatively small contribution of black 

carbon to the total C input into soils (Forbes et al., 2006), soil organic matter is often enriched in 

black carbon due to its much lower decomposition rates (Lehmann et al., 2008a). Knowing the 

proportion of this highly stable fraction of SOC can dramatically improve predictions of SOM losses 

due to soil cultivation (Skjemstad et al., 2004) or as a response to global warming (Lehmann et al., 

2008a). Despite its slow turnover time, black carbon may play a role in enhancing soil fertility due to 

its greater ability to retain cations than other SOM (Liang et al., 2006; Mao et al., 2012).  

An important issue related to soil SOC storage is the question whether there exists carbon 

saturation of soils. Such saturation would imply a threshold level of carbon in a given soil, beyond 

which adding carbon inevitably seems an inefficient operation (Stewart et al., 2008), thereby 

constraining SOC accrual in agricultural soils. Current knowledge points to the possibility of 

saturation of some SOM pools, i.e. the mineral associated one for obvious reasons and to other pools 

without a saturation limit and consequently also a much decreased stability. Not surprisingly, links 

between soil texture (Hassink, 1994) and even clay mineralogy (Denef et al., 2004) and its potential 

to store carbon have been described in the past. The potential of a soil to store added carbon may 

not always be a linear function of the amount of soil organic carbon already present. It may also 

depend on its structural status. Soils that have been under cultivation for extended periods of time 

may lose part of their potential to store carbon due to a lack of aggregation (Kimetu et al., 2009). 



Since SOM composition, level and distribution is the result of an intriguing combination of 

both physico-chemical and biological processes, additional understanding may result from an 

unraveling of the different food-webs that exist in soils. Attempts to assign the occurrence of a given 

component to specific types of vegetation, fungal versus bacterial decomposition pathways, the 

importance of the role of specific soil invertebrates and so on, may benefit tremendously from the 

recent advancements in compound specific stable isotope analysis combined with tracing specific 

bio-marker molecules. These new developments, which originated in the domain of organic 

geochemistry and were at first mainly used for paleo-environmental purposes, have been eagerly 

adopted by ecologists for the purpose of unraveling hitherto inaccessible element pathways in the 

most diverse ecosystems (Boschker and Middelburg, 2002). It stands beyond doubt that these 

approaches, together with the earlier mentioned structural chemistry tools, will continue to greatly 

enhance our understanding of the underlying chemical and biological processes and of the 

metabolism in the soil ecosystem. Yet, while scientifically extremely rewarding, we believe that it 

remains unlikely that increased understanding of the precise mechanisms of SOC stabilization will in 

the short run lead to a drastically improved predictive capacity or improved policy guidelines, 

reaching beyond what already can be achieved with the semi-empirical approach taken based on size 

and density separates in combination with SOM models en vogue. The key reason for this is that 

models, based on such detailed process understanding are most likely to be very difficult to 

implement at a temporal and spatial scale relevant to SOC management. While one may, at least 

theoretically, be able to collect the detailed input data (SOC and microbial biomass composition, soil 

structure, soil moisture status etc.) that would be needed, there would necessarily be uncertainty 

associated with all input data that are necessary: this will cause the data input error to increase with 

increasing model complexity (Figure 3). Furthermore, such a model would inevitably also need values 

for a relatively large numbers of parameters, the values of which would have to be determined 

empirically. One of the main problem resulting from this is equifinality in predictions, i.e. similar 

predictions can be obtained using significantly different sets of parameter values (Beven and Binley, 

1992). As a result, models predictions obtained from more complex models may be highly uncertain, 

especially when the model is applied outside of the range for which it was calibrated and, as shown 

in Figure 3, models of intermediate complexity may outperform more complex models in terms of 

predictive capacity (Van Rompaey and Govers, 2002).  



 

Figure 3 Error in predictions is a function of both model error and input error. Model error (bias) will be 

greatest for a model of low complexity as the model is not capable of properly describing the various processes 

controlling the phenomenon under study (e.g. the SOC stock in a soil). Increasing the model complexity will reduce this 

model error. However, as the model becomes gradually more complex, the uncertainty on the input data necessary to 

run the model as well as on parameter values (here taken together as input error) will increase. As a result, models of 

intermediate complexity often outperform more complex model formulations in terms of predictive capabilities (Van 

Rompaey and Govers, 2002).  

 

Although it may not directly lead to an improved prediction of the response of SOC to 

changes in environmental drivers, the enhanced understanding, resulting from a much better 

explanation of the true nature behind the speciation of organic matter components in soil aggregates 

of diverse sizes will be essential in providing the mechanistic rationale behind the hitherto mainly 

conceptual approaches. On the longer term, this improved understanding may lead to the 

development of new model structures refining or replacing the box-modeling approach that is the 

current standard in the best-known models such as RothC (Coleman and Jenkinson, 1999) and 

CENTURY (Metherell et al., 1993) and models based on a more detailed description of SOC dynamics 

as it interacts with other soil constituents are currently being developed (e.g. Malamoud et al., 2009). 

While this may be a long-term goal, significant improvement in SOC dynamics modeling for large 

areas may already be achieved by using models that allow to account for different SOC pools rather 

than approaches that are based only on rough estimates for a given land use, soil type and climate. 

Such models could be further improved by explicitly accounting for factors that are known to be 

important but are at present not considered, such as soil mineralogy (Torn et al., 1997). 

The importance of long-term field trials to understand the dynamics of SOM has recently 

been emphasized by Peterson et al. (2012) and is definitely an issue of major importance. It remains 

a point of attention that most of the long-term trials pertain to temperate climate agriculture, 

whereas the unknowns in tropical regions remain massive (Diels et al., 2004). Different soil 
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mineralogy, different climate, different types of organic matter inputs together may lead to slightly 

or drastically different controls of SOM stability (Torn et al., 1997), precluding a straightforward 

transfer of concepts generated basically from research on temperate systems.    

Information lacking and hence precluding a rational policy toward SOM maintenance for 

either soil quality or carbon sequestration purposes include the development of tools to (i) assess 

carbon distribution in the soil profile, (ii) monitor the effectiveness of land management strategies in 

enhancing SOC accumulation and storage and (iii) quantify the stability of the stored SOC. Especially 

the latter question has received considerable attention in the last years and new approaches and 

indicators to quantify it are being developed (Conant et al., 2011).  

All these questions need to be answered at the landscape scale. Vertical carbon distribution 

and stability as well as the effectiveness of management strategies are all spatially variable and this 

spatial variability needs to be accounted for when considering SOC management. Thus, we need 

models that allow transferring knowledge that is gained from detailed, process-based studies to the 

landscape scale. This is not only important because changes in SOC stocks and quality should be 

assessed at this scale but also because landscape-scale modeling allows identifying the most 

important controls on SOC dynamics. This information may feed back into process-based studies to 

make sure that the most relevant factors at the landscape scale are indeed properly accounted for in 

SOC models. Over the last decade, significant progress has been made on this issue, with successful 

attempts to quantify not only total carbon stocks but also distinct carbon pools at the landscape level 

(Vasques et al., 2010b; Meersmans et al., 2011).  Such efforts may, in the future, significantly benefit 

from the use of novel, non-destructive and rapid measurement techniques such as VIS/NIR and MIR 

spectroscopy (Grandjean et al., 2010), which may also be used on board of airplanes or satellites  

(Stevens et al., 2008). 

4. Soil Organic Carbon – its linkages to GEF focal areas 

In this section we discuss what role, if any, SOC and SOC management may play in each of 

the GEF Focal Areas: Biodiversity (BD), Climate Change (CC), Land Degradation (LD), International 

Waters (IW) and Persistent Organic Pollutants (POPS). We will also discuss how SOC management 

may be considered in GEF’s cross-cutting themes (Sustainable Forest Management, Land Use Change 

and Forestry) 

Biodiversity 

It is now becoming increasingly clear that the loss of biodiversity does not only  result in the 

loss of irreplaceable individual species, but also has thorough implications for the functioning of 

ecosystems, threatening their robustness and putting the services they supply to human societies at 

risk. The loss of biodiversity not only leads to fundamental changes in ecosystems, but also negatively 

affects their overall ‘performance’, e.g. primary productivity (Hooper et al., 2012; Reich et al., 2012). 

Given that extinction rates are now at an all-time high and a 6th extinction event is well under way 

(Barnosky et al., 2011), it is clear that biodiversity conservation is not only a matter of species 

preservation but at least as much a matter of maintaining a sustainable Earth environment.  

As this paper concentrates on SOC we first briefly discuss soil biodiversity before addressing 

the linkages between GEF strategy and SOC management. Due to the fact that it is largely 



imperceptible, soil biodiversity is often still neglected in biodiversity assessments (Wall et al., 2010). 

Yet, belowground biodiversity is quantitatively (in terms of number of species) more important than 

aboveground biodiversity.  While most species of soil biota have not been described yet, it is clear 

that the major groups (bacteria, fungi, nematodes and insects) together contain at least several 

hundreds of thousands and possibly millions of species (De Deyn and Van der Putten, 2005). 

Available evidence also demonstrates close linkages between below-ground and above-ground 

biodiversity (van der Putten et al., 2009). In comparison to aboveground biodiversity, soil biodiversity 

is in general poorly understood but studies have already shown a wide range of controls including 

interactions within trophic levels (competition), interactions between trophic levels (predator-prey) 

and aboveground vegetation composition and density (Wardle, 2006). Initiatives to arrive at a more 

systematic understanding of soil biodiversity are now under way (Usher et al., 2006). 

Recently, the effects that soil biodiversity may have on soil functioning have also received 

more attention but the available information is still limited at present and does not (yet) allow to 

make generalized conclusions. Brussaard et al. (2007) showed how agricultural soils that have a 

higher biodiversity are more resistant to both abiotic and biotic stresses and may process nutrients 

more efficiently. However, Brussaard et al. (2007) also state that the mechanisms that might explain 

these differences are not properly understood. Wagg et al. (2011) demonstrated how the diversity of 

plant-associated fungi has a direct effect on plant productivity, either due to their complementarity 

or due to selection of the most efficient fungal species. More studies are available that assess the 

effect of (agricultural) land management on soil biodiversity. Most often, a less intensive soil 

management resulted in an increase in soil biodiversity (Mader et al., 2002; Verbruggen et al., 2010). 

Similar findings have been reported when conventional ploughing is replaced by less intensive tillage 

systems or no-tillage (Zida et al., 2011; van Capelle et al., 2012). 

Evidently, soil organic carbon, being the major primary energy source for heterotrophic soil 

life, is expected to be strongly related to soil biodiversity. Studies explicitly quantifying the linkages 

between SOC content and quality on the one hand and soil biodiversity on the other hand have 

hitherto been limited and show associations rather than causal relationships (e.g.Wallis et al., 2010; 

Ayuke et al., 2011; Huerta and van der Wal, 2012).  Indeed, a more diverse soil ecological community 

may be expected to use the available carbon resource more efficiently, thereby leading to a decrease 

of the SOC mean residence time and the soil carbon stock (Wardle et al., 2004).  Conversely, a 

healthy, diverse soil ecological community can only be expected when a sufficient amount of 

nutrients and energy (often stored in SOM) are available.  

Biodiversity management within GEF is concentrating on five objectives. It aims to (i) improve 

the sustainability of protected area systems, (ii) mainstream biodiversity conservation and 

sustainable use into production landscapes/seascapes and sectors, (iii) build capacity to implement 

the Cartagena protocol on biosafety, (iv) build capacity on access to genetic resources and benefit-

sharing and (v) integrate obligations related to the Convention on Biodiversity (CBD) into national 

planning processes.  

Clearly the achievement of objectives (iii), (iv) and (v) will not have a direct effect on SOC 

storage and management and will therefore not further be discussed here. The improvement and 

extension of protected areas systems may have significant implications for SOC storage as there is a 

clear correlation between biodiversity and SOC storage. Just as human interventions in a landscape 

will almost inevitably lead to a decrease in biodiversity, they will generally also lead to a decrease in 



the SOC stock. Hence, intensively used land clearly has lower carbon densities in comparison to 

natural forests or pastures (see section 2). If land areas are protected from human impact to protect 

biodiversity, the SOC stock that is associated with these protected areas is automatically protected as 

well. Protecting already degraded areas and allowing them to recover is, from the SOC perspective, 

even more beneficial as the decline of the SOC due to human impact will at least partly be reversed, 

leading to carbon sequestration from the atmosphere (Guo and Gifford, 2002; Poeplau et al., 2011).  

The most important SOC-biodiversity linkage is related to GEF’s objective of mainstreaming 

of biodiversity conservation and sustainable use into production landscapes. The key question that 

needs answering is whether and how biodiversity conservation (in a general sense) in such 

landscapes can be related to improved SOC storage/management. Here, a distinction can be made 

between (i) measures that may affect biodiversity at a landscape scale, e.g. by revising the (spatial) 

allocation of different types of land use and protecting certain areas from human intervention and (ii) 

measures taken within production areas, such as the use of alternative crops or land management 

techniques or the introduction of small landscape elements such as hedges or ponds. Both types of 

measures cannot be considered to be independent though: overall effects of land management 

within agricultural areas can only be evaluated correctly if externalities are accounted for. For 

example, while organic farming is often favorable for biodiversity as compared to conventional 

farming when biodiversity on agricultural land is considered (Mader et al., 2002), yields under 

organic farming are, on average, 20-35% lower as compared to conventional agriculture (Kirchmann 

et al., 2007; De Ponti et al., 2012; Seufert et al., 2012). Thus, promoting organic agricultural will leave 

less opportunity for so-called land sparing, i.e. the reservation of large tracts of land for non-

productive purposes: such spared areas may have a significantly larger biodiversity than the best 

managed arable land. Thus, the overall effect of organic agriculture or any other management 

strategy on biodiversity can only be assessed if its effect on overall land use patterns is accounted 

for. 

While the discussion on which strategy may be best is still open from the biodiversity point of 

view (see Perfecto and Vandermeer (2010) vs. Phalan et al. (2011)), it is clear that the choices made 

will have important implications for SOC management (Figure 4). As a simple example, if it is 

assumed that, as observed by Guo and Gifford (2002) conversion of forest to arable land leads to a 

decrease of the SOC stock in the soil by 40 % and it is assumed that a low-input arable system 

reduces yields by 30%,  which is similar to the average yield reduction observed under organic 

agriculture (Seufert et al., 2012), one can calculate the loss of SOC due to forest conversion to 

agriculture as a function of the fraction of land that is converted to arable as  follows:  

For the high intensity system, the final landscape-average carbon density will be 

�� = ��,��1 − 	
�	
�� 
�� = ��,��1 − 0.4	
�� 

Where:  

= the final carbon density 

= the carbon density under forest 

	
�= the soil carbon reduction factor ( here assumed to be 0.4) 

DC

fDC ,



= the amount of land, converted to arable, expressed as a fraction 

Thus, if all the land would be converted to arable land, soil C density would be reduced to 

60% of its original value, while it will be reduced to 80% of the original value if only half of the land is 

converted.  

For the low intensity system, more arable land will be necessary. The extra amount of arable 

land necessary will depend on the productivity loss as compared to the high intensity system. Re-

arranging terms, the landscape scale carbon density can be calculated as: 

�� = ��,��1 − �	
�	��� �
�� 

Where: 

 PLI = the reduction in yields under low-intensity agriculture (fraction, here assumed to be 0.7) 

= the amount of land that would be converted to arable land under high-intensity 

agriculture, expressed as a fraction 

Which, for the values proposed here, would finally result in:  

�� = ��,��1 − 0.57	
�� 
Where 0.57=0.4/0.7 and the fraction of arable land is the equivalent fraction that would be 

needed under high-intensity farming.  

Thus, if 50% of the land would have to be converted under high-intensity farming, 70% would 

need to be converted under low-intensity farming to obtain the same crop production. At the 

landscape scale, this would then result in an additional loss of ca. 8.5% of the SOC stock that was 

originally present. Under these assumptions, sparing would a better SOC management technique 

than sharing. Clearly, the outcome of the calculations presented above is critically dependent on the 

assumptions made with respect to yield reductions and the SOC density under high-intensity and 

low-intensity agricultural systems and the result therefore cannot be assumed to generally valid. 

However, our example does illustrate that a landscape-scale evaluation of the effects of land use and 

management on SOC stocks is a necessity to obtain a proper outcome.  
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Figure 4 Land sparing vs. land sharing and SOC stocks. Increasing crop production by additional deforestation 

(b) may lead to additional loss of SOC in comparison to intensification of agriculture on existing arable land (c) because 

additional deforestation causes high SOC losses. Furthermore, SOC density on low-intensity agricultural land may be 

lower in comparison to SOC density on high-intensity agricultural land.  

Climate Change 

The impact humans have on the Earth’s climate is now undeniable and is clearly linked to the 

human-induced increase in atmospheric greenhouse gases. While global warming is clearly 

confirmed, the evolution of global temperature over the next century remains highly uncertain 

though, due to two basic reasons: (i) the development path (and hence the corresponding fossil fuel 

consumption) that will be taken by human societies is unknown and (ii) there remains considerable 

debate on the climate sensitivity of CO2, i.e. the amount of warming that would result from a 

doubling of the atmospheric CO2 concentration (Knutti and Hegerl, 2008). IPCC predictions with 

respect to global temperature increases show a wide range (1.1-6.4°C) with most likely values 

between 2 and 3°C (IPCC, 2007) which will add to the global increase of ca. 0.8°C that is observed 

since 1900. Importantly, predictions on changes in precipitation rates and patterns are even more 

uncertain than those on temperature.  

While large uncertainties exist with respect to the amount of carbon released by soils due to 

land cover changes,  there is no doubt that the release of soil CO2 has contributed significantly to the 

historic increase of atmospheric CO2 and hence to global warming (see also Section 1). Most realistic 

estimates place the total net emission related to land cover change (thus including vegetation and 

soil losses) at 160-260 Pg  C (Pongratz et al., 2009). Lal (2004) estimated a global SOC loss of ca. 76 Pg 

during the industrial era (1850-2000) due to land conversion, agricultural management and erosion 

while Eglin et al. (2010) obtained an estimate of ca. 34 Pg for the last century. These estimates do not 
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represent the overall net losses from the soil to the atmosphere as they do not account for increases 

in SOC storage that may be related to the increased productivity of the biosphere due to CO2 

fertilization (Eglin et al., 2010). The exact results of meta-analyses of available data on CO2 

fertilization experiments depend on the statistical methods used: however, they generally confirm 

the positive effect of increased CO2 levels on SOC storage predicted by models (Hungate et al., 2009).  

The magnitude of the final effect is dependent on other controls such as the amount of available 

nitrogen (de Graaff et al., 2006).  

Most GEF objectives with respect to climate change focus on efficient energy provision and 

efficient energy use as well as enabling activities and capacity building. Objective 5, however, is to 

promote conservation and enhancement of carbon stocks through sustainable management of land 

use, land-use change and forestry (LULCF).  In order to achieve this goal, the following outcomes 

should be achieved: (i) implementation of good management practices in forests and the wider 

landscape (ii) restoration and enhancement in forests and non-forests (including peatlands) and (iii) 

the avoidance of greenhouse gas emissions and the sequestration of carbon. GEF foresees the 

implementation of good management practices as well as the implementation of monitoring systems 

of SOC stocks as core outputs for this objective. Below, we therefore focus on possible effects of 

good management and briefly discuss problems related to SOC stock monitoring.  

The important losses of SOC due to land conversion suggest that there is at least an 

important theoretical potential to combat climate warming by increasing the global SOC stock 

through targeted management practices and various researchers have drawn attention to the fact 

that this may provide opportunities to developing countries (Lal, 2010).  Basically, management 

strategies should aim to increasing the C input into the soil (opening the tap, Figure 1) and/or to 

reducing the carbon decomposition rate (reducing the drain diameter, Figure 1): a detailed 

description of potential strategies that may be applied on arable land can be found in Murphy et al. 

(2011). The type of strategy that is most efficient, may critically depend on other environmental 

variables such as soil type, landscape morphology and climate as well as on systems aspects such as 

competing uses for biomass, labor constraints and access to markets.  Chivenge et al. (2007) found 

that maintaining a high residue input may be most efficient on sandy soils, while reducing tillage (to 

minimize disturbance and the ensuing respiration) was most efficient on clayey soils. Metastudies 

suggest that applying reduced or no-tillage may allow to restore carbon stocks more efficiently in 

tropical moist climates while the response is much smaller in dry, temperate climates (Ogle et al., 

2005) . Also, more gains are probably possible when soils are not yet saturated with carbon as they 

have the most potential to physically protect additionally supplied organic matter from 

decomposition (Angers et al., 2011). SOC stocks in most agricultural soils are at present well below 

saturation. While a better definition of C saturation may help to set realistic target values, it is 

already clear that agricultural soils theoretically have the capacity to store significant additional 

amounts of C.   

While the implementation of alternative management techniques may allow increasing the 

SOC stock of agricultural soils, care should be taken not to overestimate the potential effect of 

management changes. In the framework of carbon emission mitigation, particular attention has 

often been given to management techniques reducing soil disturbance such as the implementation 

of reduced or no-tillage, e.g. (Lal and Kimble, 1997). Recent studies suggest that earlier estimates of 

carbon sequestration under no-tillage are probably too optimistic, also due to the fact that 

measurements were restricted to the soil’s top layer, so that the redistribution of SOC within the 



profile was not properly accounted for (Manley et al., 2005; Angers and Eriksen-Hamel, 2008). 

Angers and Eriksen-Hamel (2008) reported an overall average increase of SOC under 5 Mg C ha-1 

under no-till as compared to conventional ploughing for studies lasting between 5 and ca. 40 years: 

this increase was only weakly related to the duration of the experiment.  Corresponding 

sequestration rates vary between 0.12 and 1 Mg C ha-1 yr-1. Ogle et al. (2005) did not report absolute 

values but estimated the overall increase in SOC stock under no-till in the 0-0.3 m soil layer after 20 

years to be ca. 20 % in the tropics and ca. 13% in temperate areas in comparison to continued 

conventional ploughing. Assuming realistically that plough layers under arable land contain between 

0.7 and 2 % SOC and have a bulk density of 1350 kg m-³, carbon densities for these plough layers vary 

between 28 and 81 Mg C ha-1. This would imply that conversion from conventional tillage to no-till 

would result in sequestration rates of 0.30-0.80 Mg C ha-1 yr-1 for the tropics and 0.18-0.52 Mg C ha-1 

yr-1 for temperate areas. Eagle et al. (2012) reviewed all available information for the United States 

and arrived at an overall average of 0.33 Mg C ha-1 yr-1.  Sanderman et al. (2010) reviewed available 

data for Australia and reported an average gain of ca. 0.34 Mg C ha-1 yr-1 under no-tillage. However, 

their data also show that the magnitude of the gains was clearly related to sampling depth: gains 

were on average 0.64 Mg C ha-1 yr-1 when only the 0-0.045 m soil layer was considered but reduced 

to 0.11 Mg C ha-1 yr-1 when soils were sampled to 0.44 m depth.  

Follett (2001) proposed values of 0.3-0.6 Mg C ha-1 yr-1 for conservation tillage (i.e. reduced 

tillage while maintaining a significant residue cover on the surface). Although this estimate is in the 

same range as those proposed for no-tillage, actual gains from reduced tillage may expected to be 

smaller in comparison to no-tillage as reduced tillage does cause some soil disruption and brings 

residues in close contact with the soil matrix (Murphy et al., 2011). This is confirmed by the review of 

Eagle et al. (2012) who obtained an average sequestration rate of 0.12 Mg C ha-1 yr-1 for conservation 

tillage in the United States.  

The necessity of caution is confirmed by a study of Christopher et al. (2009) that covered 

three Midwestern states of the USA. They found that no-tillage led to a significant increase in SOC 

storage in only 1 out of 12 study areas: in 3 of the study areas there was a net loss of SOC under no-

tillage.  Recent sequestration rates reported for Canada were also much lower than those proposed 

in earlier studies ranging from 0-0.14 Mg C ha-1 yr-1 (VandenBygaart et al., 2010). Similarly in France, 

Oorts et al. (2007) found differences in SOC stocks down to 0.3 m between no-till and conventional 

tillage after 32 years, not larger than 10-15% to the advantage of the no-till treatment. This is 

equivalent to a sequestration rate of 0.175 Mg C ha-1 y-1 under no-till. However, the largest part of 

this difference (66%) was accounted for by unprotected carbon (particulate organic matter and fresh 

residues), implying a poor stabilization and a very likely loss upon one single disturbance. 

Furthermore, care should be taken not to extrapolate experimentally observed sequestration rates 

to longer time spans: replenishing the soil carbon store will inevitably lead to the establishment of a 

new equilibrium, limiting potential storage gains to a maximum of several decades (Lal, 2004).  

Peatlands contain a disproportionally large amount of SOC. According to the most recent 

estimates, circumpolar peatlands store ca. 277 Pg  (Tarnocai et al., 2009). Wet, undisturbed 

peatlands naturally sequester carbon because mineralization rates are very low, leading to the 

continuous accumulation of plant residues. Natural C accumulation rates in circumpolar areas are 

estimated to be ca. 0.3 Mg C ha-1 yr-1 (Backstrand et al., 2010; Koehler et al., 2011) but methane 

emissions from these wet environments significantly reduce their net climatic effect (Backstrand et 

al., 2010). Several studies have shown that SOC losses over the last decades mainly occurred from 



waterlogged soils and/or peatlands that were subjected to drainage, thereby increasing SOC 

decomposition rates (Bellamy et al., 2005; van Wesemael et al., 2010). Restoring natural drainage 

conditions may therefore greatly benefit SOC preservation and may help sequestration. However, 

quantifying such effects is at present impossible due to a lack of experimental data, especially for 

non-circumpolar peat areas.  

Forests contain globally the largest part of the global SOC stock and SOC density in natural, 

undisturbed forests is likely to increase in the near future due to CO2 fertilization. Considering the 

high difference in carbon density between forests and agricultural land, the conversion of cropland 

to forests will lead to significant increases in SOC storage (Guo and Gifford, 2002; Laganiere et al., 

2010; Poeplau et al., 2011; Chang et al., 2012). However, also the way existing forests are managed 

can have significant impacts on SOC stocks. In a model simulation study Hashimoto et al. (2012) 

found that different management techniques in Japanese forests might result in differences in SOC 

density of up to 10 Mg C ha-1. Longer rotations and leaving the residues of thinned trees in the forest 

increased the predicted SOC density. Imai et al. (2009) report an increase of landscape-scale C 

storage of 60 Mg C ha-1 in Indonesia after the introduction of sustainable forest management 

techniques, but point out that differences in SOC storage were minimal. This may, however, be 

related to the longer response time of SOC in comparison to above-ground biomass. Data on the 

effects of forest management techniques on SOC storage are, however, still very limited.  

 

Figure 5 Response ratio (depth integrated SOC stock in alternatively managed or converted 

grassland over depth integrated SOC stock in traditionally managed grassland) vs. sampling depth (cm) as 

calculated from the data compiled by Conant et al. (2001). Note that the response ratio generally decreases 

with increasing sampling depth, an observation also made by Manley et al. (2005). 

Grasslands may be the only biomes where sound management might allow SOC stocks to be 

increased above their natural equilibrium values. The data summarized by Conant et al. (2001) 

suggest that, for most management techniques such as fertilization and improvement of grazing 

management, the average increases in SOC content of the 0-0.3 m horizon are in the order of 1-2% 

per year, corresponding to average sequestration rates of 0.3 Mg C ha-1 yr-1  but variations are large. 

Much higher rates were reported for a small number of studies focusing on the effects of the 

introduction of earthworms or alternative grass species. Potential sequestration may depend on 

climate and other environmental variables, but data to securely quantify those trends are not yet 
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available (Conant and Paustian, 2002). Again, care must be taken not to overestimate the 

sequestration potential. The relative increase in SOC that is observed is strongly dependent on the 

depth sampled, with very few studies showing a significant effect when sampling includes the subsoil 

(Figure 5). The failure to detect statistically significant differences between different treatments 

when deeper soil horizons are included is, however, not a proof that significant differences do not 

exist. Changes in management techniques may indeed cause a redistribution of C within the profile 

and it is therefore important that sampling is carried out to a sufficiently large depth so that 

redistribution can be accounted for (Angers and Eriksen-Hamel, 2008). Yet, the C content of deeper 

horizons is known to be highly variable and this may lead to a situation where differences in whole-

profile SOC stocks cannot be statistically detected without taking an excessive number of samples, 

even if there is a significant increase in topsoil SOC content (Franzluebbers, 2010; Kravchenko and 

Robertson, 2010). Kravchenko and Robertson (2010) conclude from their study that SOC stocks 

should be assessed on a horizon by horizon basis and that conclusions on the whole profile should be 

based on the comparison of SOC stocks of individual soil horizons. The number of replicates needed 

for each soil horizon in order to reliably detect significant C change needs to be carefully determined.  

Within the context of GEF, it is worthwhile to give particular attention to agroforestry. There 

is considerable literature advocating the strong potential benefits of combinations of trees and 

annual or perennial crops in mixed systems, also with respect to carbon sequestration,  (e.g. Dixon et 

al., 1993; Ramachandran Nair et al., 2009). Recently, recommendations on potential soil carbon 

sequestration rates that may be obtained by different agroforestry systems were proposed that 

suggest high to very high SOC sequestration potentials (Ramachandran Nair et al., 2009). Depending 

on climate and soil type, proposed SOC sequestration rates vary between 0.25 Mg C ha-1 yr-1 for arid 

and semi-arid lands to > 5 Mg C ha-1 yr-1 for silvopasture systems in tropical humid lowlands and 

tropical highlands. However, the experimental evidence on which such estimates are based is poor. 

Ramachandran Nair et al. (2009) refer to Nair et al. (2009) as a main data source. We have re-

analysed all the literature cited in the latter publication and complemented it with some more 

information found in recent literature and in Oelbermann et al. (2004) in Table 3. It appears that 

there is very little evidence substantiating that SOC sequestration rates higher than 1 Mg C ha-1 yr-1 

can be achieved for extended periods. In well-managed systems rates of 0-0.5 Mg C ha-1 yr-1 appear 

to be likely, although the reported data may miss some SOC stored at depth due to the die-off of tree 

roots. Part of the confusion may be due to the fact that agroforestry systems indeed often lead to 

significantly increased aboveground C inputs into the soil (0.3-4.6 Mg C ha-1 yr-1, Oelbermann et al., 

2004) but inputs (opening the tap, Figure 1) do not directly translate into storage rates as, almost 

inevitably, mineralization rates (discharge through the drain, Figure 1) will also increase, albeit not 

necessarily at the same rate. 

Similar concerns may be raised with respect to the benefits of organic farming for SOC 

sequestration. Again, the kitchen sink example (Figure 1) may clarify this. Organic farming generally 

leads to lower yields, although the effects vary from crop to crop (Seufert et al., 2012). Hence, the 

input (the tap discharge) of organic matter into the soil may decline. A gain in SOC stocks can then 

only be obtained if, at the same time, respiration rates would go down (the diameter of the drain 

decreases), e.g. due to a change in the composition and/or activity of the microbial community in the 

soil. Data available on specific respiration rates under organic agriculture (i.e. the respiration rate per 

unit of C) challenge this assumption (Leifeld, 2012). In most systems analyzed by Leifeld (2012) 

specific respiration appeared to increase, which may lead to SOC losses rather than gains on the long 



term.  Evidently, such losses can be compensated for by the input of external C, e.g. through the 

application of farmyard manure, leading to higher SOC stocks under organic agriculture as compared 

to conventional systems, in particular conventional systems where only mineral fertilization is used 

(Birkhofer et al., 2008). However, this necessarily means that organic C is imported from elsewhere 

and therefore this is most likely not a net gain at the system scale (Powlson et al., 2011). A full SOC 

budget of organic farming would also necessarily include the additional losses due to the need of a 

larger acreage of land (see above).  

Finally, it should be made clear that, especially on agricultural land, increasing SOC stocks 

through alternative management is not always equivalent to climate change mitigation. If organic 

carbon sources such as manure and/or residues are used, there is most often no net gain as the 

organic carbon would most likely have been used elsewhere if it would not have been applied to the 

parcel under consideration. Changes in management practices that lead to an increase in soil 

moisture, such as the application of no-tillage in humid areas, may lead to extra emissions of N2O, 

that may completely offset the gains from increased SOC storage (Powlson et al., 2011). Similarly, 

when crop productivity is increased through the use of artificial fertilizers, the CO2 cost of fertilizer 

production (which is estimated at 3.11 kg of CO2 for 1 kg of N by West and Marland (2002a) and  5 kg 

of CO2 for 1 kg of N by Powlson et al. (2011) ) needs to be accounted for and needs to be balanced 

against the increase of the soil SOC stock on the arable land where the fertilizer is applied as well as 

the SOC stock loss that may be avoided because less land needs to be taken into production.  

Land Degradation 

Within GEF, land degradation is approached broadly and proposed mitigation strategies 

focus on the maintenance and/or improvement of the flow of ecosystem services to local 

communities (objective 1) and generating sustainable flows of forest ecosystem services in arid, semi-

arid and sub-humid zones (objective 2) while, at the same time, attempting to reduce human 

pressure on natural resources (objective 3). To facilitate this GEF aims to increase the capacity to 

adaptive management tools in sustainable land management (objective 4). This broad approach 

implies that any loss of the capacity of the land to provide local livelihoods with the ecosystem 

services they need (water, food, fiber…) is seen as land degradation.  

Effects of land use change and land use management on SOC dynamics have already been 

discussed in some detail above. An important land degradation process that has often been 

associated with important losses of SOC is soil erosion. There is no doubt that agricultural soil erosion 

is indeed an important problem, although its magnitude may have been overestimated in the past. 

Currently, annual rates of agricultural soil erosion by water are estimated to mobilize ca. 30 Pg of 

agricultural soil and the associated SOC (Quinton et al., 2010). However, this mobilization of soil does 

not immediately lead to an important release of SOC to the atmosphere. Most of the soil and 

associated carbon is re-deposited on land or in aquatic sediments where it is stored for considerable 

time periods (Stallard, 1998; Van Oost et al., 2007). Furthermore, some of the SOC that is removed 

from eroding sites is replaced by so-called dynamic replacement (Harden et al., 1999; Berhe et al., 

2008). SOC mineralization rates in eroded soils during or just after erosion events appear to be 

limited (Wang et al., 2010; Van Hemelryck et al., 2011). Overall, soil erosion is therefore now 

estimated to be a small sink for SOC (Van Oost et al., 2007; Harden et al., 2008).  Reducing erosion 

will therefore not greatly contribute to an increase of SOC stocks.  



This does not mean, however, that the reclamation of degraded lands would not be 

beneficial for SOC storage. If degradation processes are allowed to continue to the point where the 

soil’s productivity is significantly reduced, dynamic replacement will become less important and for 

such ecosystems soil erosion may become a net source to the atmosphere (Quinton et al., 2010). 

Restoring productive agricultural systems on such lands is perhaps the best strategy for rapid SOC 

sequestration. These soils are usually strongly depleted in SOC (the sink is nearly empty) so that C 

inputs are more likely to be translated into additional storage (Lenka et al., 2012). These may be the 

sole conditions under which SOC sequestration rates exceeding 1 Mg C ha-1 yr-1 may be achieved for 

extended time periods. However, such rates will only be achieved in well-managed systems and 

when sufficient nutrients are supplied.  

As we have outlined above, SOC stocks will be affected by any management strategy 

designed at optimizing land allocation and/or land management. At the same time, a sustainable 

management strategy needs to take into account SOC management as healthy SOC stocks may allow 

to achieve sustainability aims. It is critical to understand that both aims are not contradictory.  

Above, we elaborated a simple example where high-productivity agriculture would allow 

safeguarding a significant fraction of the SOC present in the landscape under natural conditions. Let 

us now assume that an increase of agricultural production in the area is necessary to supply sufficient 

food to a growing population. Doing so by additional deforestation will most certainly lead to 

additional SOC losses. Doing so by increasing the productivity of the arable land already under 

production (e.g. by eliminating ley periods) will not only allow safeguarding the SOC in the forested 

land, but increasing the productivity of existing arable land will also increase the carbon input into 

the arable land (through increased root and residue production) thereby creating an additional 

potential to store SOC (VandenBygaart et al., 2010; Minasny et al., 2012). At the same time, more 

forest will remain available to deliver forest ecosystems services and for maintaining biodiversity 

(Figure 4).  

Thus, while agricultural intensification is often (and rightfully so) associated with important 

negative externalities, it should not be considered as negative per se. Burney et al. (2010) estimate 

that, since 1961, the emission of ca.  161 Pg C has been avoided globally due to intensification, 

mainly through the avoidance of additional conversion of natural land to cropland.  

International Waters 

Evidently, an improved protection and management of international waters will not directly 

affect SOC storage. However, ocean acidification is now recognized as one of the main problems for 

many marine ecosystems (Doney et al., 2009). An important fraction (at present the equivalent of ca. 

2.2 Pg of C yr-1) of the CO2 emitted by humans is absorbed by the oceans (Le Quere et al., 2009). 

While this helps mitigating global warming, it also leads to the production of carbonic acid in the 

oceans. This has already lead to a measurable increase in acidity, which has detrimental effects on 

marine wildlife, especially on calcifying organisms, i.e. organisms that build a shell out of calcium 

carbonate extracted from ocean water(Pandolfi et al., 2011). Storing more carbon will reduce 

acidification rates and will therefore help preserving marine wildlife.  

Persistent Organic Pollutants (POPs) 

Soils are important reservoirs of POPs and their capacity to store POPs is strongly dependent 

on their SOC content, although the affinity between a chemical and SOC varies, depending on the 



chemical’s properties (Sweetman et al., 2005). However, concentrations of POPs are not uniquely 

determined by SOC content or other soil properties. Variations in current and past application rates 

of herbicides and pesticides are also a major control (Villanneau et al., 2011).  

The strong affinity between SOC and POPs implies that if land conversion or a change in land 

management techniques result in a decrease of the SOC stock, this may lead to the release of stored 

POPs into other compartments of the environment where they may even be less desirable (e.g. 

groundwater). On the other hand, greater SOC contents also lead to DOC leaching into the subsoil 

creating opportunities for facilitative transport (Totsche et al., 2006). Not only total SOC contents 

and mobility, but also SOC forms strongly influence retention of POPs. Greater black carbon contents 

increase sorption of herbicides (Yang and Sheng, 2003) and PAH (Cornelissen et al., 2005).  The 

relationship between the soil’s SOC content and its capacity to degrade pollutants is unclear: while a 

high SOC content may reduce the availability of the pollutant to the microbial community for 

degradation, it may, on the other hand, increase microbial activity in general (Sweetman et al., 

2005).  

  



5. Soil Organic Carbon – How potentially it may deliver Multiple 

Benefits 

Section 4 of this paper already described in some detail how SOC management may 

contribute to and/or be affected by GEF objectives. Therefore, potential benefits in relation to these 

aspects will not further be discussed here. Instead we will first discuss other important aspects of 

agro-ecological systems that will be affected by SOC management. In a second part of this section we 

will then outline what may be economic costs and benefits associated with proper SOC management 

and we will discuss a vision on how we may move forward towards optimal SOC management.  

SOC management and soil quality 

There is a large body of literature showing the beneficial effects of SOC on aspects of soil 

quality other than biodiversity (which was already discussed in section 3, see Stringer et al. (2012) as 

well as Loveland and Webb (2003) for more references). Perhaps the first beneficial effect of SOC to 

be documented is its effect on soil aggregate stability and structure: it has long been established that 

soils having a higher SOC content generally have a higher aggregate stability (Stengel et al., 1984). 

This effect works both ways as aggregation physically protects SOC (Six et al., 2000). Higher 

aggregate stability reduces slaking and crusting, with direct implications for water infiltration and 

erosion (see below).  An increase in SOC is often thought to improve the soil’s water holding capacity, 

but experimental support for this assertion is remarkably poor and ambiguous (Loveland and Webb, 

2003). The presence of SOC also reduces the vulnerability of a soil to erosion. This effect was already 

incorporated in the formulation of the soil erodibility factor in the Universal Soil Loss Equation 

(Wischmeier and Smith, 1965). The analysis of Torri and Poesen (1997) showed that the impact of 

SOC on erodibility is dependent on soil texture as erodibility is related to the ratio of SOC content 

over clay content. The effect of SOC on erosion resistance is mainly explained by its positive effect on 

soil structure and aggregate stability. High levels of SOC make aggregates more resistant to slaking 

allowing more water to infiltrate (LeBissonnais and Arrouays, 1997). The precise magnitude of the 

effect (i.e. the degree to which erosion is reduced by SOC management) is more difficult to assess as 

it may again depend on other factors, including the spatial scale at which erosion is assessed. 

However, management systems aimed at reducing erosion often imply the use of cover crops or the 

maintenance of a residue cover, which may also enhance SOC stocks: these techniques are very 

efficient in reducing erosion (Leys et al., 2010). This is a very important additional benefit, not only 

because crop yields are negatively affected by soil erosion (Bakker et al., 2004) but also because 

erosion induces a loss of nutrients from the agricultural system that may even be larger than the 

annual application rate (Quinton et al., 2010).   

SOC management and agricultural yields 

Given the clear effect of SOC stocks on overall soil quality, it is not surprising that the link 

between SOC levels and crop yield already captured scientific attention several decades ago (e.g. 

Allison, 1973). Many studies do indeed report such a positive relationship: a recent overview can be 

found in Lal (2010).  

It should be kept in mind that a positive relationship between crop yields and SOC content 

does not on its own imply a causal relationship from SOC to crop yield. First, organic amendments 

will not only bring C to the soil, but also nutrients. Hence, the increased crop productivity may be due 



to the availability of additional nutrients rather than to the increase in soil quality due to the 

presence of SOC. Edmeades (2003) reviewed the literature on the effects of manure amendments on 

soil quality and crop yields. While manure clearly increased soil quality (such as increase of soil 

organic carbon stocks, aggregate stability, soil hydraulic conductivity, porosity, microfauna, etc.) no 

direct link could be statistically established between manure application and crop yield when fields 

with manure application were compared with fields to which the same amounts of nutrients were 

applied using chemical fertilizer. Thus, organic amendments indeed boosted crop yields, but the 

same boost was achieved with a balanced application of chemical fertilizers. This would indicate that 

most soils have adequate SOC contents for a particular crop and greater SOC per se does not improve 

productivity. More recent studies reached similar conclusions, sometimes even indicating a slight loss 

of yields when manure was used in comparison to chemical fertilizers, which may attributed to the 

fact that nutrients in manure are not optimally balanced for plant growth or may not be immediately 

available to the crop (Ludwig et al., 2011; Yan et al., 2012). Second, when yields are increased, e.g. 

through the application of fertilizers, the selection of more appropriate cultivars and/or better water 

management, the production of plant residues and roots will generally also increase, albeit not at the 

same rate as the harvest index generally increases over time (Tian et al., 2011). This results in a 

higher C input into the soil (opening the tap, Figure 1). Hence SOC stocks may be expected to 

increase in well-managed agricultural systems in which yields increase as was experimentally found 

by Rasool et al. (2007), Zingore et al. (2007) and Kukal et al. (2009).  Increasing yields are probably 

also the main explanation for the increase in SOC stocks at a regional level reported by Benbi and 

Brar (2009), Minasny et al. (2011) and Minasny et al. (2012) and for the better preservation of SOC 

stocks in long-term trials when artificial fertilizer is used reported by (Ladha et al., 2011). Conversely, 

if the implementation of alternative management techniques would result in yield depression, this 

may negatively affect SOC stocks (Ogle et al., 2012). Thus, positive relationships between SOC stocks 

and crop yields such as found by (Pan et al., 2009) should not be interpreted only as an improvement 

of yields by greater SOC: indeed, better yields may be expected to result in higher C inputs into the 

soil (opening the tap), suggesting a chicken-and-egg conundrum (Figure 6). It is therefore not a 

surprise that some researchers see the increase of chemical fertilizer use and fertilizer efficiency as 

perhaps the most important strategy to increase SOC stocks on agricultural land in West Africa 

(Bationo et al., 2007).  



 

Figure 6 Coupling between SOC stocks and crop yield: while increasing SOC stocks may increase crop yields 

through various mechanisms the reverse is also true: increasing crop yields lead to higher SOC stocks. Literature data 

show that his coupling from crop yield to SOC stocks is quantitatively more important than the reverse (see main text). 

Hence the positive relationship between SOC stocks and crop yields that is often found should be interpreted correctly 

Given that the causal relationship between SOC stocks and crop yields is not always 

apparent, is it then worthwhile to attempt to increase SOC stocks from a farming perspective? The 

answer is yes. Even though increasing SOC alone may not be enough to improve crop yields, the 

maximum yield potential is often only achieved in soils with greater SOC contents (Ngoze et al., 

2008). Given the multitude of possible soil chemical, biological and physical constraints to realizing 

the yield potential, improving SOC contents is an important insurance against crop failure from a soil 

perspective and may be the best strategy to restore fertility on degraded land, for instance when the 

soil’s water holding capacity is the major yield constraint (Bruce et al., 1995). An important issue is 

that increasing SOC stocks may not directly lead to higher yields, but may help to reduce yield 

variability. Given that SOC both increases physical soil fertility (increasing the soil water holding and 

regulation capacity) as well as its potential to store and buffer nutrients, soils with higher SOC stocks 

may be capable to better buffer temporary shortages in water and/or nutrients, leading to a 

decrease in crop yield variability. This may result in important gains in rural livelihood quality as it 

would increase food security and income.  Some studies, such as  Pan et al. (2009) indeed report a 

decrease in yield variability with increasing topsoil SOC content but this is not generally confirmed, 

(e.g. Yan and Gong, 2010). Furthermore, given the two-way interaction between SOC stocks and crop 

productivity, a gain in SOC (in a degraded agricultural system) may be seen as an important 

indication that the system is improving and becoming more sustainable 

SOC monitoring 

SOC monitoring is an essential component of any SOC management project. Changes in SOC 

stocks need to be monitored to assess the effectiveness of the project and to be accountable in 

national carbon budgets. Yet, monitoring changes in SOC stocks due to management is fraught with 

two important difficulties. First, SOC stocks show a high spatial variability, even within landscape 
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units that appear, at first sight, to be spatially homogeneous: the latter is especially true for the 

carbon stored in deeper soil horizons (Don et al., 2007; Rumpel and Koegel-Knabner, 2011). This 

implies that a large number of samples may be necessary to detect differences in SOC stocks. (Smith, 

2004) estimates that, for a land unit with minor variations in SOC stocks (< 25%) over 100 samples 

are needed to detect a 3% increase (with reference to the original value) in SOC stock. Saby et al. 

(2008) calculated the mean detectable change in SOC for various countries in Europe based on 

existing monitoring schemes. For most countries, changes in average SOC content between 0.3 and 3 

% (with reference to the total soil mass) are necessary in order for them to be statistically detectable 

using the current monitoring schemes. This implies that changes resulting from arable land 

management cannot be reliably detected on an annual basis: a change of the existing SOC stock at a 

rate of 0.6 % per year relative to the original SOC stock can only be detected after 10 years or more 

in most countries. Second, changes in SOC due to management will be superimposed on changes 

that occur due to climate change and CO2 fertilization, which can be expected to be of the same 

magnitude. Therefore, it may be difficult to disentangle these effects (Figure 7). Assessing the effect 

of soil management on SOC sequestration does require that a proper baseline is established. The 

reference would therefore not be a constant value, but would indicate how SOC stocks are expected 

to change in the absence of any change in management technique (due to climate change and CO2 

fertilization, Figure 7).  

 

Figure 7 Evolution of SOC stocks due to management and other factors. Dotted lines and blue arrows indicate 

the evolution of SOC stocks in absence of any management change: this would be positive under (a) and negative under 

(b). In both cases improved management leads to a relative increase of SOC stocks, as indicated by the red arrows. 

However, one would observe a decline of SOC stocks under (b), simply because effects other than management (changes 

in climate) are more important than management effects.  

The main objective of soil monitoring networks (SMN) in agricultural systems is to upscale 

the SOC stocks measured within a field to a region with similar soil and management or to the 

agricultural soils of an entire country. As an alternative to the lumped approach for detecting 

changes in SOC stocks based on the minimum detectable difference, SOC conditions at the SMN sites 

can also be attributed to similar soil/land use/climate units. Simulation models can then be used to 

predict the SOC change in such units (Milne et al., 2007). Ogle et al. (2007) used a similar approach to 
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compare SOC stocks predicted by the Century model with observed SOC stocks in 872 treatments of 

47 long term experiments. Some recommendations on the design, sampling and analytical 

procedures of SMN’s can be given  (van Wesemael et al., 2011): (i) The exact position of composite 

samples (4–10 sub-samples) should be recorded and marked in the field (e.g. buried antennas); (ii) 

Soil samples should be archived in order to avoid biases induced by changes in analytical procedures 

or analysts over time (iii) Records of crop/grass production and agricultural practices are required 

when the sites are used as input for process-based models; (iv) Samples should be taken at multiple 

fixed depth intervals; (v) Finally, bulk density, rock fragment content and large pieces of organic 

debris should also be determined in order to convert SOC concentrations of the fine earth into SOC 

stocks and to correct for soil compaction. In fact, SOC stocks should, whenever possible, be 

expressed on an equivalent mass basis, rather than over a fixed depth (Ellert and Bettany, 1995)   

Spectroscopy techniques using the Visible and Near Infrared (VisNIR) or the Mid Infrared 

(MIR) wavelength have been developed as a cheap and high throughput alternative to conventional 

CN analyzers (Vasques et al., 2010a; Leone et al., 2012; McDowell et al., 2012). Calibration models 

developed from a European wide SMN revealed that, although the accuracy of C estimates derived 

from spectral measurements still lagged behind the one of CN analyzers, the bias of spectral 

measurements is very low, yielding reliable country or regional average SOC contents (Stevens et al., 

submitted). Following up on developments initiated by Janik et al. (1998), Zimmermann et al. (2007) 

developed a calibration model for Swiss agricultural soils from which SOC fractions similar to the 

ones defined in the RothC model can be determined with a relative accuracy of 10 % using MIR 

spectroscopy. Similarly, Vasques et al. (2009) demonstrated that various soil carbon fractions 

representing different carbon pools can be estimated using VNIR diffuse reflectance spectroscopy 

and can confidently be upscaled to the landscape scale. Spectrometers have also be mounted on 

airborne platforms (Stevens et al., 2012), and have produced detailed maps of the SOC content in the 

plough layer of bare soils. Although this technique is not yet operational for routine applications, 

corrections for disturbing factors such as water vapor in the atmosphere, soil moisture, residues and 

roughness are being developed and hyperspectral satellites (e.g. EnMap) will be launched in the 

coming years. Clearly, the fact that measurements are only possible when the vegetation cover is 

relatively low poses limits to remote sensing methods. Nevertheless, these developments offer 

perspectives for the rapid collection and updating of data on SOC stocks, also in environments which 

are not easily accessible. They will all contribute to a more dynamic and spatially better resolved 

monitoring of SOC in soils, within the more general framework of digital soil mapping (Grunwald et 

al., 2011). The further development of the latter is indispensable to achieve a better and more 

sustainable use of the global soil resource.  

Costs and benefits 

The most direct (and perhaps the most important) cost related to SOC losses and gains 

follows from the fact that SOM does not consist of C only, but also contains substantial amounts of 

organic nitrogen (Norg) and organic phosphorus (Porg):  these nutrients need therefore to be available 

to enable SOC sequestration (Lal, 2004; Kirkby et al., 2011). The average (C:Norg) ratio on arable land 

varies over a relative small range (8-12), while the (C:Porg) ratio is much more variable and averages 

ca. 50  (Quinton et al., 2010; Kirkby et al., 2011). Storing 1 Pg of C implies storing 80-125 Tg of N (an 

amount approximately equal to the annual global chemical production of fertilizer N) and ca. 20 Pg of 

organic P. Providing these nutrients at USA farm prices of 2012 (http://www.ers.usda.gov/data-

products/fertilizer-use-and-price.aspx) would cost ca. 1.05 USD/(kg N) and ca. 3.3 USD/(kg P), 



resulting in a total cost of 85-130 billion USD for N storage and ca. 60 billion USD for P storage., 

Similarly, storing 0.4 Mg of SOC per ha can be translated in an equivalent cost of 40 USD for N and ca. 

26 USD for P (USA farm prices), which is very considerable. These stored nutrients are not directly 

available for crop growth and should be seen as a long-term investment in environmental and agro-

ecological quality. Furthermore, the significant greenhouse gas emissions resulting from chemical 

fertilizer production and additional emissions of N2O should be accounted for (West and Marland, 

2002b; Powlson et al., 2011).  Other sources than chemical fertilizers (plant and animal residue and 

the use of legumes) may provide part of the nutrients needed. If this is the case, their sequestration 

can be considered as a net capital gain that needs to be included in cost calculations. At present, 

however, many agricultural systems in developing countries, especially sub-Saharan Africa, suffer 

from strong nutrient depletion (Bationo et al., 2007). Efficient SOC storage will therefore require a 

drastic turnaround of the nutrient balance of such systems as not only the N that is removed by 

harvesting needs to be compensated for but extra N is necessary for SOC storage.  

Quantifying the worth of the SOC capital that is stored in the soil is evidently difficult. 

Sparling et al. (2006) showed that the effect of SOC deficiencies (related to previous intensive land 

use) only had relative minor effects on pasture production in New Zealand (410 to 990 USD$ per ha 

cumulated over 36-125 yrs). These impacts on agricultural production were far less than the 

hypothetical net present values of the extra organic matter stored, which was estimated to vary 

between 1050 USD and ca. 8600 USD (2003) over the same period, depending on the C prices and 

discount rates used.  The wide range of the estimates highlights that calculating SOC sequestration 

benefits is highly uncertain as SOC sequestration takes place over decadal to even centennial time 

scales and economic development over such timescales is impossible to predict accurately. The 

analysis carried out by Sparling et al. (2006), however, foregoes the economic aspects related to a 

change in agricultural system that are not directly related to SOC sequestration, such as investment 

in new equipment or infrastructure, the transaction and evaluation costs related to SOC 

sequestration contracts and the multiple benefits (or losses) in terms of greenhouse gas emission 

equivalent that may arise. Grace et al. (2012) carried out a fully integrated economic analysis on SOC 

sequestration in the Indo-Gangetic plain. They used the methodology proposed by the IPCC (IPCC, 

2006) to assess changes in SOC stocks due to conversion from conventional to no-tillage. Predicted 

sequestration rates varied between ca. 0.18 and 0.4 Mg C ha-1 yr-1 over a 20 year period. Their 

simulations show that C prizes need to be significant before a transition that would only target 

revenues from carbon trading would gain momentum: at a prize of 100 USD/Mg only 17.7% of the 

total sequestration potential would be achieved.  (Lipper et al., 2010) mention similar monetary 

amounts to compensate for the opportunity costs incurred by farmers that are not converting 

rangeland to cropland in West Africa. Considerable uncertainties are associated with these 

calculations, most notably with the predicted sequestration rates under alternative management and 

transaction costs. Nevertheless, it can safely be concluded that these prices are considerably higher 

than the prices at present paid at voluntary C trade markets which are well below 5 USD/Mg-1 C-1 

(Lipper et al., 2010), making it clear that strategies focusing on SOC sequestration should also bring 

other benefits to farmers in order to be viable.  

It is interesting to compare these numbers with what may be achieved through other 

strategies. Kindermann et al. (2008) made global estimates of the amount of C emission that may be 

avoided by reducing deforestation, based on three different models. A reduction of 10% of predicted 

deforestation may be achieved at a C price between 1.4 and 4.6 USD/Mg (Prices vary considerably 



regionally, with the lowest prices for Africa). Such a reduction would be equivalent to a sequestration 

(non-emission) of 0.09 to 0.12 Pg C y-1. These numbers can be compared to the financial effort that 

might be necessary to achieve a similar result by stimulating sequestration on cropland. According to 

Grace et al. (2012) we assume that 17.7 % of the cropland sequestration potential could be achieved 

at a C price of 100 USD/Mg. Furthermore we estimate the maximum sequestration rate on cropland 

at 0.4 Mg C ha-1 yr-1. This would imply that the global croplands (ca. 15 million km²) would sequester 

0.11 Pg C/yr at a price of 100 USD Mg-1 C-1, a price that is 20-50 times higher than that necessary to 

reach a similar goal through forest protection. According to Kindermann et al. (2008) even a 50% 

reduction of deforestation may be achieved at C prices well below 100 USD (35-62 USD Mg-1 C-1). 

Evidently these financial estimates are gross oversimplifications but they strongly suggest that 

cropland management may require much higher investments than strategies avoiding deforestation 

when SOC is considered. However, this does not have to lead to a conflicting situation. Sparing 

forests will indirectly stimulate better management of existing cropland and higher crop yields which 

may result in higher soil C inputs and therefore additional SOC sequestration on this cropland. The 

costs of sequestering carbon on agricultural land can also be compared with those of CO2 capture 

and storage, which were recently estimated at ca. 300 USD (Mg C)-1 for gas fired plants and ca. 200  

USD (Mg C)-1 for coal fired plants (Finkenrath, 2011). SOC storage may therefore be competitive with 

this type of mitigation technologies.  

Towards a vision on SOC management 

The discussion of various aspects of SOC dynamics and how it may relate to the objectives of 

the GEF should allow us to develop the main principles on how SOC management within GEF may be 

addressed.  

First, it is clear that SOC management requires an integrated, landscape scale approach, 

taking a systems view. Only if this is done interactions (trade-offs as well as benefits) of the various 

components of land use systems can be accounted for (Tomich et al., 2011). Studies focusing on SOC 

management related to a single component of the system, such as arable land, may lead to 

erroneous conclusions (as there may be compensatory effects surpassing the observed effects) if 

externalities are not accounted for. The compensation of a reduction in cropland yields by a further 

extension of the arable land acreage is an obvious example.  If the implementation of no-tillage leads 

to a modest gain in local SOC stocks, but significantly reduces yields at the same time, the overall 

effect on SOC stocks may be negative as larger areas will be necessary to grow the crops (De Sanctis 

et al., 2012).  However, interactions are often more subtle. For instance, Bationo et al. (2007) state 

that up to 30 ha of dry-season grazing may be necessary to produce the manure necessary to 

maintain fertility of 1 ha of cropland in West-Africa: promoting the use of manure may therefore 

increase grazing pressure and the degradation of SOC stocks on the grazing land and may further 

reduce the amount of crop residues that might be directly applied to the cropland. Clearly fluxes and 

stores of organic matter within the whole system that is considered need to be accounted for if one 

wants to make a correct assessment of the potential benefits of a certain management strategy.   

Be aware that SOC management needs to be adapted to local climate, soil and agricultural 

conditions. There is not a one-size-fits-all solution to SOC management: optimal strategies will 

depend on local conditions, simply because these conditions strongly affect SOC dynamics. 

Therefore, these conditions and the status of SOC stocks need to be carefully assessed before 

changes in land management are proposed.  



It is easier (and probably cheaper) to preserve than to restore. While it is obviously 

worthwhile trying to restore degraded environments, it is even more important to prevent further 

degradation. While the benefits of protection may seem obvious from a scientific perspective, 

protection is not easy to realize and developing strategies that lead to the incorporation of 

protection into the livelihoods of local people rather than something that they experience as being 

imposed on them is a great challenge. In some cases this challenge may only be overcome through 

substantial financial stimuli to compensate for opportunity costs (Lipper et al., 2010) 

Improving crop yields and restoring soil fertility through the judicious application of nutrients, 

from chemical fertilizers, from green manure, compost, amendments (e.g. biochar), ash, farmland 

manure, or a combination, is a key component of sound SOC management. Crop productivity should 

always be a key evaluation criterion when considering management alternatives on arable land or 

within mixed systems. A low productivity has two important, negative effects: local SOC stocks will be 

lower and more land will be needed for production thereby decreasing natural stocks. Higher SOC 

stocks are as much an indicator of sound land management as they are a prerequisite to improved 

agricultural productivity. The importance of carefully considering the impact of management options 

on yields may be illustrated by two examples. Sileshi et al. (2008) carried out a meta-analysis of 

maize crop yield responses to alternative management systems in West-Africa: these systems were 

based on the use of woody legumes that were alternated with maize or herbaceous legumes grown 

as rotational fallows (for a full year) or as relay intercrops (for a short period between crops). All 

these techniques resulted in an increase in yields in the year that the maize crop was grown. 

However, the use of a rotational fallow or that of woody legumes implies that maize can only be 

grown every other year at the maximum. The average yield response rate (ratio of crop yield with 

treatment over crop yield without treatment) of all treatments was, however, always less than 2.  

This implies a net loss of total maize production vs. the traditional system. The average response rate 

of full fertilization, on the other hand was ca. 3.2. Bayala et al. (2012) carried out a meta-analysis of 

all grain yields in West-Africa under alternative management systems. The average response to the 

introduction of green manure, soil conservation measures, coppicing trees, and to the introduction 

of parkland trees was moderately positive with average yield increases of up to 0.5 t ha-1, but maize 

responded on average strongly negatively to the introduction of parkland trees (-0.4 t ha-1). 

Implementation of such a systems in an area where maize is the main staple crop may therefore 

have unexpected negative. The need to increase yields on existing arable land is especially pressing in 

the tropics as additional land clearing here releases ca. 120 Mg C ha-1 to the atmosphere, while only 

60-70 Mg  C are released for every ha cleared in other climatic zones (West et al., 2010). 

Target soils and environments carefully: It is difficult to achieve considerable gains in 

agricultural productivity and SOC storage under well-managed, productive systems where residue is 

already recycled. Here, the main objective should be to maintain SOC storage and agricultural 

productivity. Degraded systems with a sufficient potential for restoration offer far more potential for 

relatively rapid gains in crop yield/biomass production and the corresponding increase in SOC when 

the degraded land is reclaimed for agriculture (Lipper et al., 2010; Bayala et al., 2012) or converted to 

forest (Laganiere et al., 2010). Assessing how far the soil’s actual SOC content is below the potential 

SOC content (Hassink, 1997) and whether aggregation is still sufficient to allow for additional SOC 

storage may help to set realistic targets. Helpful in this respect is the concept of the manageable 

range of SOC, which is largely a function of soil texture (Verheijen et al., 2005). Appropriate 

diagnostic tools using soil fractionation and/or rapid, non-destructive sensing techniques may 



facilitate matching soils with suitable management. Similarly, when new agricultural land is needed 

(which will probably be the case in Sub-Saharan Africa) the ensuing reduction in SOC loss may be 

reduced if the most suitable areas are carefully selected. Inconsiderate replacement of natural 

vegetation by forests may not only lead to adverse corollary effects such as a decrease in water yield 

(Buytaert et al., 2002). It may also cause net decrease in SOC stocks related to the hydrological 

changes induced by tree planting. Especially soils covered by wet grassland tend to lose considerable 

amounts of soil carbon when they are afforested (Farley et al., 2004; Berthrong et al., 2012), thereby 

partially or totally offsetting gains in biomass C.  

Set realistic goals: After initial enthusiasm, it is now clear that even the best alternative 

management techniques may allow at best modest gains in SOC stocks, depending on the local 

climatic conditions, the soil type, topography and the management system that is in place. Recent 

research suggests that global SOC gains (through management) possibly exceeding 1 Pg yr-1 on 

cropland alone as was suggested some years ago (Paustian et al., 1997; Lal, 2004, 2010) do appear to 

be overly optimistic. These gains would correspond to an annual sequestration rate of 0.6 Mg C ha-1 

yr-1 on all cropland in the world. Experimental data suggest that this rate may be obtained locally 

under the best possible conditions for several decades, but regional surveys show that they are most 

certainly not globally achievable (Christopher et al., 2009). Other management techniques aiming to 

increase SOC stocks have similar limitations. It should also be noted, that the sequestration rates 

cannot be stacked, i.e., we may not double-dip by converting the same degraded crop land into 

forests, implement no-tillage and agroforestry at the same time. However, it is reasonable to 

hypothesize that suitable management strategies can be found for different biophysical and socio-

economic situations that generate worth-while SOC responses. Sustainability models that help in 

deciding which site-adapted management strategy will generate the greatest SOC benefits are still 

lacking. 

Generate multiple benefits of C sequestration: SOC storage is at present still not economically 

viable in most cases (see above). Improving SOC storage may thus critically rely on the generation of 

co-benefits. These may related to increases in yield (from better fertilizer management and 

intensification), reduction in labor (by concentrating the production of crops on a smaller area), but 

also benefits for biodiversity conservation (Bekessy and Wintle, 2008). 

Assess socio-economic conditions that may affect the potential success of SOC management 

projects. Stringer (2012) and Lipper et al. (2010) describe in detail the various socio-economic hurdles 

(highly fragmented land use, poorly defined ownership structures, absence of extension services, 

high transaction costs, high monitoring costs…) that may hamper the successful implementation of 

sustainable land projects in an African context. More research is needed to identify strategies that 

may work in any of the multitude of local societal contexts: this requires a pragmatic approach, 

focusing the collection of evidence on what works and what does not work (and understanding the 

reasons for that) rather than top-down reasoning based upon a (too) idealistic theoretical framework 

(Banerjee and Duflo, 2011). 

Assess the socio-economic implications of changes in land management. Giller et al. (2009) 

point out that changes in agricultural management systems may not only lead to an increased overall 

work load (weeding, cutting etc.) but may also shift the gender balance in the workload towards 

women. While changes are unavoidable, we should strive to avoid undesirable changes and  

proposed practices should be compatible with local culture (Stringer et al., 2012).  



Take account of the biophysical (drought etc.) and socio-economic and institutional risks 

(labour, access to inputs, etc.) that are inherent to the environment in which the project is located. 

Smallholder farmers in developing countries are risk-averse out of necessity. Their income and 

capital basis does not allow them to aim for major gains if such strategy also involves significant risk. 

Projects may set up to reduce the inherent risk, e.g. by providing supplemental irrigation to 

overcome droughts (Rockström et al., 2003). Alternatively, strategies need to be developed wherein 

the risk is accepted and accounted for within the project design, e.g. by reinforcing existing coping 

strategies. A broad mindset is needed here, so that all possibilities are considered, including public 

interventions that used to be dismissed because of their ‘market-distorting’ nature (Devereux, 2001). 

Provide adequate project support systems. The response time of SOC stocks to a 

management or land use change will cover at least several decades. Immediate returns to the local 

community will therefore be small and may even be hard to detect. This can only be overcome if co-

benefits, such as yield increases, can be generated and/or by providing sufficient support over a 

sufficiently long time span. This is not easy, given the (short-term) opportunity costs that may be 

involved (Lipper et al., 2010) and requires a carefully designed strategy covering several decades.  

Use, where possible, novel, high throughput techniques for monitoring in combination with an 

appropriate modeling framework. The implementation of novel monitoring techniques is essential to 

collect more data on SOC inventories, often at a fraction of the price of more classical methods 

(Grunwald et al., 2011). Current models may not always be able to correctly predict the magnitude of 

SOC stock changes measured over relatively short time spans. Nevertheless, the use of a modeling 

framework is essential, even if this is not the case. First, the use of a properly calibrated model will 

allow predicting the order of magnitude of change in SOC stocks that can be expected when a 

program is implemented. Second, by comparing observed changes with model predictions, important 

factors may be identified that are missing or ill represented within the modeling framework that is 

used. This will allow correctly targeting areas where further research is needed.  

  



6. Conclusions and recommendations 

Our knowledge on SOC and SOC dynamics has grown considerably over the last two decades. 

Major progress has been made with respect to our understanding of the overall controls on SOC 

dynamics and SOC chemistry (section 3) and SOC monitoring now benefits considerably from remote 

sensing techniques developed over the last decades (section 5). However, the increase of our 

knowledge has merely confirmed that SOC dynamics are difficult to assess and to predict, not only 

because SOC is complex in itself (Schmidt et al., 2011) but also because the interrelationships 

between SOC and its controls are complex as well (Heimann and Reichstein, 2008). Increased 

knowledge can therefore most often not be directly translated in straightforward SOC management 

rules: rather, it will contribute to our understanding of a complex system, the response of which is 

inherently difficult to predict. Or, as Goethe already put it: ‘Mit dem Wissen wächst der Zweifel’ 

(‘With increasing knowledge comes more doubt’).   

Thus, while we need to improve our understanding to move our conceptual description of 

SOC dynamics to more mechanistic ones, the further development of our scientific knowledge is, as 

such, not a strategy that will automatically result in more efficient SOC management strategies. 

Issues, other than lack of knowledge which may hamper efficient SOC management also need to be 

considered when developing strategies for SOC management (see section 5).  

Nevertheless, it is clear that some areas of research on SOC warrant specific attention. A first 

one is the response of SOC to climate change. While we know that SOC dynamics respond to 

environmental changes, we do not have sufficient knowledge on the climate sensitivity to SOC to 

confidently predict its response to climate warming and/or changes in the hydrological regime. The 

uncertainty on the fate of the global SOC stock over the next century is truly dramatic. The 

simulations evaluated by (Eglin et al., 2010) vary from an increase of 300 Pg C to a decrease of 50 Pg 

C over the next century. This uncertainty is therefore of the same order of magnitude as the total 

amount of soil C released from the SOC reservoir to the atmosphere over the whole Holocene! The 

main reason why the latter is crucial is of course the potential impact on global climate that major 

changes in the SOC reservoir may have. However, it is also important when the efficacy of any SOC 

management strategies needs to be evaluated as it implies that the baseline against which effects 

are measured may change over the same time scale and over a similar magnitude than the effects 

that need to be assessed. Correctly assessing the effect of climate change on SOC mineralization does 

not only require a good insight in the mechanisms controlling the temperature sensitivity of SOM 

decomposition (e.g. by measuring Q10 values) but it may be even more important to better 

understand how the environmental constraints on SOM decomposition change with changing climate 

(Davidson and Janssens, 2006). A recent review by Conant et al. (2011) on the relationship between 

temperature and SOM decomposition rates stresses our ignorance on this topic. They found that 

laboratory studies generally show that the decomposition rate of SOM is indeed temperature 

dependent and that, in agreement with kinetic theory, the temperature response is more important 

for less decomposable carbon substrates. However, the interpretation of the results of field studies 

on temperature response is often difficult because carbon pools with different decomposabilities 

cannot be isolated. A major shortcoming of existing studies identified by (Conant et al., 2011) is that 

most focus on SOM pools with a relatively short turnover time. Information on the response of the 

SOM pools with turnover times of decades or more, which are likely to be most important for the 

understanding of the overall SOC response to climate change, is almost completely lacking. As this 



problem cannot be resolved by providing more information of the same nature through incubation 

and/or field experiments, they propose to re-orient research towards the response of specific 

processes that control SOM dynamics to temperature change, using a new conceptual model as a 

guiding framework. While this will undoubtedly allow important steps forward in our scientific 

understanding, it also creates a new problem as such a more complex, process-based model can only 

be made operational if a large number of state variables and parameter values are known. 

A second area that needs attention is the further evaluation of the ‘saturation’ concept. 

Determining whether a soil is under- or oversaturated with C may have profound effects for the 

management strategies that may be developed. In areas where soils are undersaturated, significant 

gains in SOC storage may result from improved management or a conversion to a better suitable land 

use. If, on the other hand, the soil system is saturated or oversaturated, gains may be much less 

important. While the saturation concept has been around for ca. two decades, it is still fair to say 

that the criteria used to determine the saturation level of a soil are still very rough, e.g. depending 

only on the soil’s clay content and not accounting for differences in soil mineralogy and/or potential 

effects that climate and hydrology may have on the saturation level that might be achieved (Angers 

et al., 2011).  

A third domain where a thorough discussion may be necessary is how SOC monitoring may 

be improved in the future. Credible, certifiable reporting of SOC stocks is essential for SOC 

sequestration to become a significant part of global mitigation efforts. Assessment of the evolution 

of SOC stocks critically depends on the adequate monitoring of these stocks: given that the rate of 

change in SOC stocks is relatively low (as compared to the total inventory) very accurate SOC 

information is needed to assess changes over relatively short timescales (e.g. 5 yr). Assuming, for 

instance that the implementation of an alternative management technique may induce a 

sequestration rate of 0.5 Mg C ha-1 y-1, the total C stock of a typical cropland will change by only 0.5-

2% (relative to the existing stock) over a 5 yr period. These relatively small changes may be one of 

the reasons why studies fail to detect differences between management techniques (type II errors). 

Traditional methods may be complemented by novel high throughput techniques to not only 

increase accuracy, but also allow for a better spatial coverage (Leone et al., 2012; McDowell et al., 

2012; Stevens et al., 2012)  

Even if more rapid and economical techniques for SOC stock assessment are used, it can be 

expected that relatively small differences may still be irresolvable. Thus, while monitoring should be 

a key component of any SOC management initiative, the use of models will provide complementary 

information, allowing to identify the main controls changed by a change in management/land use 

and to make meaningful spatial extrapolations. It is therefore important to consider how models and 

monitoring can be better integrated with monitoring in SOC management evaluation schemes. A 

good basis for further progress is the existing GEFSOC modeling framework (Easter et al., 2007; Milne 

et al., 2007). GEFSOC allows applying two well-established SOC models (Century and Roth-C) as well 

as the empirical IPCC method for SOC context within a GIS environment, so that spatial variations in 

controlling factors can be explicitly accounted for. More details can be found in (Easter et al., 2007). 

The model has already been used to predict effects of land use and/or climate change in four test 

areas located in Jordan (Al-Adamat et al., 2007), India (Bhattacharyya et al., 2007),  Kenya (Kamoni et 

al., 2007) and Brazil (Cerri et al., 2007). Several strategies can be envisaged to improve such a 

spatially explicitly modeling system (see also (Grunwald et al., 2011):  



(i) The quality of the input data can be improved, e.g. by providing additional 

information through remote sensing: this is not only important with respect to 

SOC, but also with respect to ancillary data such as geology, topography etc. 

(ii) The carbon models themselves may be improved, e.g. by accounting explicitly for 

factors that are hitherto not incorporated (soil mineralogy) or by a better 

description of the temperature sensitivity of various pools of SOC 

(iii) Landscape scale models should not only account for vertical exchanges between 

plants, soil and atmosphere, but should also account for lateral fluxes, such as 

those induced by soil erosion (Van Oost et al., 2007) or export of dissolved organic 

carbon (DOC, Aitkenhead and McDowell, 2000) 

(iv) Interpolation methods may be optimized to make optimal use of covariates of 

SOC.  

Clearly, the issues discussed above are only the most pressing scientific questions that are 

relevant to SOC management: a detailed overview of open scientific issues with respect to SOC 

dynamics in general can be found in Stockmann et al. (2013).  

Several issues other than the lack of scientific knowledge hamper the implementation of 

improved strategies for SOC management that could be implemented using current scientific 

understanding. GEF should therefore give considerable attention as to how, with the present state of 

knowledge we can advance the implementation of optimal SOC management in various agro-

ecological systems. A series of guidelines and principles that may be discussed have been proposed in 

this paper in order to stimulate this discussion.  
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8. Annexes 

Reference Location System SOC seq. rate 
(Mg C ha

-1
 yr

-1
) 

Sampling 

depth 

Comment 

(Lenka et al., 2012) Eastern India Various techniques to 

reclaim degraded land 

0 0-0.3m Reclamation led to 

significant SOC storage (2-
3 Mg C ha

-1
 yr

-1
, but 

presence of trees did not 
help 

(Veum et al., 2011) Missouri, 

claypan 

region,  

No-till vs. grass filter 

strips vs. agroforestry 

filter strips, 10 yrs 

0 NA No significant differences 

in total SOC between 
systems 

(Salazar et al., 2011) Mediterranea

n zone, Chile 

Agroforestry in 

combination with 
water harvesting vs. 

other systems, 12 yrs 

0 NA No significant differences 

in total SOC between 
systems 

(Peichl et al., 2006) Southern 
Ontario, 

Canada 

Tree-based 
intercropping 

(poplars), 13 yrs 

ca. 1 NA Significant SOC increase 
under poplars 

(Peichl et al., 2006) Southern 

Ontaria, 

Canada 

Tree-based 

intercropping 

(spruce),13 yrs 

0 NA Spruce did not lead to any 

SOC enhancement 

(Sharrow and 

Ismail, 2004) 

Western 

Oregon, USA 

Agroforests vs. 

pasturs, 10 yrs 

0  No significant difference in 

SOC content 

(Oelbermann et al., 
2004) 

Canada Alley cropping, 10 yrs 0 0-0.2 No significant differences 
in SOC stocks 

(Oelbermann, 2002) Costa Rica Alley cropping, 10 yrs 0 0-0.2 No significant differences 
in SOC stocks 

(Oelbermann, 2002) Costa Rica Alley cropping, 19 yrs 0.25 0-0.2 Same tree as study above 
(E. poeppigiana) but 

longer monitoring time 

(Oelbermann, 2002) Costa Rica Alley cropping, 10 yrs 1.1 0-0.2 G. Sepium trees 

(Oelbermann, 2002) Costa Rica Alley cropping, 19 yrs 0.42 0-0.2 G. Sepium trees 

(Schroth et al., 
2002) 

Amazonia, Multistrata system, 7 
yrs 

0.45 0-0.15  

(Chander et al., 
1998) 

India Alley cropping, 13 yrs 0 0-0.15 Dalbergia sissco 

(Mazzarino et al., 

1993) 

Costa Rica Alley cropping, 10 yrsq 0.47 0-0.1 E. poeppignia 

(Mazzarino et al., 

1993) 

Costa Rica Alley cropping, 10 yrs 0.44 0-0.1 G. Sepium 

(Haggar, 1990) Costa Rica Alley cropping, 6 yrs 0.81 0-0.2 E. poeppigiana 

(Haggar, 1990) Costa Rica Alley cropping, 6 yrs 0.2 0-0.2 G. Sepium 

(Diels et al., 2004) Ibadan, 

Nigeria 

Alley cropping, 16 yrs 0.12 0.4 No net gain in SOC: 

decrease in SOC was less 

rapid under alley cropping 

(L. leucocephala and 

Senna siamea) in 

comparison  to treeless 

systems 

Table 3 SOC sequestration rates measured under agroforestry systems  



9. References 

Aitkenhead, J.A., McDowell, W.H., 2000. Soil C : N ratio as a predictor of annual riverine DOC flux at 
local and global scales. Global Biogeochemical Cycles 14, 127-138. 
Al-Adamat, R., Rawajfih, Z., Easter, M., Paustian, K., Coleman, K., Milne, E., Falloon, P., Powlson, D.S., 
Batjes, N.H., 2007. Predicted soil organic carbon stocks and changes in Jordan between 2000 and 
2030 made using the GEFSOC modelling system. Agric. Ecosyst. Environ. 122, 35-45. 
Allison, F.E., 1973. Soil organic matter and its role in crop production. Elsevier, Amsterdam. 
Angers, D.A., Arrouays, D., Saby, N.P.A., Walter, C., 2011. Estimating and mapping the carbon 
saturation deficit of French agricultural topsoils. Soil Use Manage. 27, 448-452. 
Angers, D.A., Eriksen-Hamel, N.S., 2008. Full-inversion tillage and organic carbon distribution in soil 
profiles: A meta-analysis. Soil Sci. Soc. Am. J. 72, 1370-1374. 
Anonymous, 2010. Climate Change Strategy. p. 32. 
Ayuke, F.O., Brussaard, L., Vanlauwe, B., Six, J., Lelei, D.K., Kibunja, C.N., Pulleman, M.M., 2011. Soil 
fertility management: Impacts on soil macrofauna, soil aggregation and soil organic matter 
allocation. Applied Soil Ecology 48, 53-62. 
Backstrand, K., Crill, P.M., Jackowicz-Korczynski, M., Mastepanov, M., Christensen, T.R., Bastviken, D., 
2010. Annual carbon gas budget for a subarctic peatland, Northern Sweden. Biogeosciences 7, 95-
108. 
Bakarr, M., 2012. Dirt matters: Investing in soil ecosystem services for the global environment and 
food security. The greenline. Global Environment Facility, p. 1. 
Bakker, M.M., Govers, G., Rounsevell, M.D.A., 2004. The crop productivity-erosion relationship: an 
analysis based on experimental work. Catena 57, 55-76. 
Banerjee, A.V., Duflo, E., 2011. Poor economics: a radical rethinking of the way to fight global 
poverty. PublicAffairs, New York. 
Barnosky, A.D., Matzke, N., Tomiya, S., Wogan, G.O.U., Swartz, B., Quental, T.B., Marshall, C., 
McGuire, J.L., Lindsey, E.L., Maguire, K.C., Mersey, B., Ferrer, E.A., 2011. Has the Earth's sixth mass 
extinction already arrived? Nature 471, 51-57. 
Bationo, A., Kihara, J., Vanlauwe, B., Waswa, B., Kimetu, J., 2007. Soil organic carbon dynamics, 
functions and management in West African agro-ecosystems. Agricultural Systems 94, 13-25. 
Batjes, N.H., 1996. Total carbon and nitrogen in the soils of the world. Eur. J. Soil Sci. 47, 151-163. 
Bayala, J., Sileshi, G.W., Coe, R., Kalinganire, A., Tchoundjeu, Z., Sinclair, F., Garrity, D., 2012. Cereal 
yield response to conservation agriculture practices in drylands of West Africa: A quantitative 
synthesis. Journal of Arid Environments 78, 13-25. 
Bekessy, S.A., Wintle, B.A., 2008. Using carbon investment to grow the biodiversity bank. 
Conservation Biology 22, 510-513. 
Bellamy, P.H., Loveland, P.J., Bradley, R.I., Lark, R.M., Kirk, G.J.D., 2005. Carbon losses from all soils 
across England and Wales 1978-2003. Nature 437, 245-248. 
Benbi, D.K., Brar, J.S., 2009. A 25-year record of carbon sequestration and soil properties in intensive 
agriculture. Agronomy for Sustainable Development 29, 257-265. 
Berhe, A.A., Harden, J.W., Torn, M.S., Harte, J., 2008. Linking soil organic matter dynamics and 
erosion-induced terrestrial carbon sequestration at different landform positions. J. Geophys. Res.-
Biogeosci. 113. 
Berthrong, S.T., Piñeiro, G., Jobbágy, E.G., Jackson, R.B., 2012. Soil C and N changes with afforestation 
of grasslands across gradients of precipitation and plantation age. Ecological applications : a 
publication of the Ecological Society of America 22, 76-86. 
Beven, K., Binley, A., 1992. The Future of Distributed Models - Model Calibration and Uncertainty 
Prediction. Hydrological Processes 6, 279-298. 
Bhattacharyya, T., Pal, D.K., Easter, M., Batjes, N.H., Milne, E., Gajbhiye, K.S., Chandran, P., Ray, S.K., 
Mandal, C., Paustian, K., Williams, S., Killian, K., Coleman, K., Falloon, P., Powlson, D.S., 2007. 



Modelled Soil Organic Carbon stocks and changes in the Indo-Gangetic Plains, India from 1980 to 
2030. Agric. Ecosyst. Environ. 122, 84-94. 
Birkhofer, K., Bezemer, T.M., Bloem, J., Bonkowski, M., Christensen, S.r., Dubois, D., Ekelund, F., 
FlieÃŸbach, A., Gunst, L., Hedlund, K., MÃ¤der, P., Mikola, J., Robin, C., SetÃ¤lÃ¤, H., Tatin-Froux, F., 
Van der Putten, W.H., Scheu, S., 2008. Long-term organic farming fosters below and aboveground 
biota: Implications for soil quality, biological control and productivity. Soil Biology and Biochemistry 
40, 2297-2308. 
Bond-Lamberty, B., Thomson, A., 2010. Temperature-associated increases in the global soil 
respiration record. Nature 464, 579-U132. 
Boschker, H.T.S., Middelburg, J.J., 2002. Stable isotopes and biomarkers in microbial ecology. Fems 
Microbiol Ecol 40, 85-95. 
Bruce, R.R., Langdale, G.W., West, L.T., Miller, W.P., 1995. Surface soil degradation and soil 
productivity restoration and maintenance. Soil Sci. Soc. Am. J. 59, 654-660. 
Brussaard, L., de Ruiter, P.C., Brown, G.G., 2007. Soil biodiversity for agricultural sustainability. 
Agriculture, Ecosystems &amp; Environment 121, 233-244. 
Burney, J.A., Davis, S.J., Lobell, D.B., 2010. Greenhouse gas mitigation by agricultural intensification. 
Proceedings of the National Academy of Sciences 107, 12052-12057. 
Buytaert, W., Deckers, J., Dercon, G., De Bievre, B., Poesen, J., Govers, G., 2002. Impact of land use 
changes on the hydrological properties of volcanic ash soils in South Ecuador. Soil Use Manage. 18, 
94-100. 
Cerri, C.E.P., Easter, M., Paustian, K., Killian, K., Coleman, K., Bernoux, M., Falloon, P., Powlson, D.S., 
Batjes, N.H., Milne, E., Cerri, C.C., 2007. Predicted soil organic carbon stocks and changes in the 
Brazilian Amazon between 2000 and 2030. Agric. Ecosyst. Environ. 122, 58-72. 
Chander, K., Goyal, S., Nandal, D.P., Kapoor, K.K., 1998. Soil organic matter, microbial biomass and 
enzyme activities in a tropical agroforestry system. Biology and Fertility of Soils 27, 168-172. 
Chang, R.Y., Fu, B.J., Liu, G.H., Wang, S., Yao, X.L., 2012. The effects of afforestation on soil organic 
and inorganic carbon: A case study of the Loess Plateau of China. Catena 95, 145-152. 
Chivenge, P.P., Murwira, H.K., Giller, K.E., Mapfumo, P., Six, J., 2007. Long-term impact of reduced 
tillage and residue management on soil carbon stabilization: Implications for conservation agriculture 
on contrasting soils. Soil & Tillage Research 94, 328-337. 
Christensen, B.T., 2001. Physical fractionation of soil and structural and functional complexity in 
organic matter turnover. Eur. J. Soil Sci. 52, 345-353. 
Christopher, S.F., Lal, R., Mishra, U., 2009. Regional Study Of No-till Effects On Carbon Sequestration 
In The Midwestern United States. Soil Sci. Soc. Am. J. 73, 207-216. 
Cole, J.J., Prairie, Y.T., Caraco, N.F., McDowell, W.H., Tranvik, L.J., Striegl, R.G., Duarte, C.M., 
Kortelainen, P., Downing, J.a., Middelburg, J.J., Melack, J., 2007. Plumbing the Global Carbon Cycle: 
Integrating Inland Waters into the Terrestrial Carbon Budget. Ecosystems 10, 172-185. 
Coleman, K., Jenkinson, D.S., 1999. RothC-26.3 A model for the turnover of carbon in soil. Model 
description and windows users guide. IACR, Rothamsted, Harpenden, p. 43. 
Conant, R.T., Paustian, K., 2002. Potential soil carbon sequestration in overgrazed grassland 
ecosystems. Global Biogeochemical Cycles 16, 9. 
Conant, R.T., Paustian, K., Elliott, E.T., 2001. Grassland management and conversion into grassland: 
effects on soil carbon. Ecol. Appl. 11, 343-355. 
Conant, R.T., Ryan, M.G., Agren, G.I., Birge, H.E., Davidson, E.A., Eliasson, P.E., Evans, S.E., Frey, S.D., 
Giardina, C.P., Hopkins, F.M., Hyvonen, R., Kirschbaum, M.U.F., Lavallee, J.M., Leifeld, J., Parton, W.J., 
Steinweg, J.M., Wallenstein, M.D., Wetterstedt, J.A.M., Bradford, M.A., 2011. Temperature and soil 
organic matter decomposition rates - synthesis of current knowledge and a way forward. Glob. 
Change Biol. 17, 3392-3404. 
Conen, F., Karhu, K., Leifeld, J., Seth, B., Vanhala, P., Liski, J., Alewell, C., 2008a. Temperature 
sensitivity of young and old soil carbon - Same soil, slight differences in C-13 natural abundance 
method, inconsistent results. Soil Biology & Biochemistry 40, 2703-2705. 



Conen, F., Zimmermann, M., Leifeld, J., Seth, B., Alewell, C., 2008b. Relative stability of soil carbon 
revealed by shifts in δ15N and C : N ratio. Biogeosciences 5, 123-128. 
Cornelissen, G., Gustafsson, O., Bucheli, T.D., Jonker, M.T.O., Koelmans, A.A., Van Noort, P.C.M., 
2005. Extensive sorption of organic compounds to black carbon, coal, and kerogen in sediments and 
soils: Mechanisms and consequences for distribution, bioaccumulation, and biodegradation. 
Environmental science & technology 39, 6881-6895. 
Crow, S.E., Lajtha, K., Filley, T.R., Swanston, C.W., Bowden, R.D., Caldwell, B.A., 2009. Sources of 
plant-derived carbon and stability of organic matter in soil: implications for global change. Glob. 
Change Biol. 15, 2003-2019. 
Davidson, E.A., Janssens, I.A., 2006. Temperature sensitivity of soil carbon decomposition and 
feedbacks to climate change. Nature 440, 165-173. 
De Deyn, G.B., Van der Putten, W.H., 2005. Linking aboveground and belowground diversity. Trends 
in Ecology & Evolution 20, 625-633. 
de Graaff, M.A., van Groenigen, K.J., Six, J., Hungate, B., van Kessel, C., 2006. Interactions between 
plant growth and soil nutrient cycling under elevated CO2: a meta-analysis. Glob. Change Biol. 12, 
2077-2091. 
De Ponti, T., Rijk, B., Ittersum, M.v., 2012. The crop yield gap between organic and conventional 
agriculture. Agricultural Systems 108, 1-9. 
De Sanctis, G., Roggero, P.P., Seddaiu, G., Orsini, R., Porter, C.H., Jones, J.W., 2012. Long-term no 
tillage increased soil organic carbon content of rain-fed cereal systems in a Mediterranean area. 
European Journal of Agronomy 40, 18-27. 
Denef, K., Six, J., Merckx, R., Paustian, K., 2004. Carbon sequestration in microaggregates of no-tillage 
soils with different clay mineralogy. Soil Sci Soc Am J 68, 1935-1944. 
Devereux, S., 2001. Livelihood Insecurity and Social Protection: A Re-emerging Issue in Rural 
Development. Development Policy Review 19, 507-519. 
Diels, J., Vanlauwe, B., Van der Meersch, M.K., Sanginga, N., Merckx, R., 2004. Long-term soil organic 
carbon dynamics in a subhumid tropical climate: (13)C data in mixed C(3)/C(4) cropping and 
modeling with ROTHC. Soil Biology & Biochemistry 36, 1739-1750. 
Dixon, R.K., Winjum, J.K., Schroeder, P.E., 1993. Conservation and sequestration of carbon - the 
potential of forest and agroforest management-practices 

Glob. Environ. Change-Human Policy Dimens. 3, 159-173. 
Don, A., Schumacher, J., Scherer-Lorenzen, M., Scholten, T., Schulze, E.-D., 2007. Spatial and vertical 
variation of soil carbon at two grassland sitesâ€”implications for measuring soil carbon stocks. 
Geoderma 141, 272-282. 
Doney, S.C., Fabry, V.J., Feely, R.A., Kleypas, J.A., 2009. Ocean Acidification: The Other CO2 Problem. 
Annual Review of Marine Science, pp. 169-192. 
Eagle, A.J., Henry, L.R., Olander, L.P., Haugen-Kozyra, K., Millar, N., Robertson, G.P., 2012. 
Greenhouse Gas Mitigation Potential of Agricultural Land Management in the United States: A 
syntesis of the literature. Nicholas Institute for Environmental Policy Solutions, Duke University. 
Easter, M., Paustian, K., Killian, K., Williams, S., Feng, T., Al-Adamat, R., Batjes, N.H., Bernoux, M., 
Bhattacharyya, T., Cerri, C.C., Cerri, C.E.P., Coleman, K., Falloon, P., Feller, C., Gicheru, P., Kamoni, P., 
Milne, E., Pal, D.K., Powlson, D.S., Rawajfih, Z., Sessay, M., Wokabi, S., 2007. The GEFSOC soil carbon 
modelling system: A tool for conducting regional-scale soil carbon inventories and assessing the 
impacts of land use change on soil carbon. Agriculture, Ecosystems &amp; Environment 122, 13-25. 
Edmeades, D.C., 2003. The long-term effects of manures and fertilisers on soil productivity and 
quality: a review. Nutrient Cycling in Agroecosystems 66, 165-180. 
Eglin, T., Ciais, P., Piao, S.L., Barre, P., Bellassen, V., Cadule, P., Chenu, C., Gasser, T., Koven, C., 
Reichstein, M., Smith, P., 2010. Historical and future perspectives of global soil carbon response to 
climate and land-use changes. Tellus Ser. B-Chem. Phys. Meteorol. 62, 700-718. 
Ellert, B.H., Bettany, J.R., 1995. Calculation of organic matter and nutrients stored in soils under 
contrasting management regimes. Canadian Journal of Soil Science 75, 529-538. 



Elliott, E.T., 1986. Aggregate Structure and Carbon, Nitrogen, and Phosphorus in Native and 
Cultivated Soils. Soil Sci Soc Am J 50, 627-633. 
Elsig, J., Schmitt, J., Leuenberger, D., Schneider, R., Eyer, M., Leuenberger, M., Joos, F., Fischer, H., 
Stocker, T.F., 2009. Stable isotope constraints on Holocene carbon cycle changes from an Antarctic 
ice core. Nature 461, 507-510. 
Falloon, P., Jones, C.D., Ades, M., Paul, K., 2011. Direct soil moisture controls of future global soil 
carbon changes: An important source of uncertainty. Global Biogeochem. Cycles 25, GB3010. 
Farley, K.a., Kelly, E.F., Hofstede, R.G.M., 2004. Soil Organic Carbon and Water Retention after 
Conversion of Grasslands to Pine Plantations in the Ecuadorian Andes. Ecosystems 7, 729-739. 
Finkenrath, M., 2011. Cost and performance of carbon dioxide capture from power generation. IAEA 
Working Paper. IAEA, p. 47. 
Follett, R.F., 2001. Soil management concepts and carbon sequestration zin cropland soils.  61. 
Forbes, M., Raison, R., Skjemstad, J., 2006. Formation, transformation and transport of black carbon 
(charcoal) in terrestrial and aquatic ecosystems. Science of the Total Environment 370, 190-206. 
Franzluebbers, A.J., 2010. Achieving soil organic carbon sequestration with conservation agricultural 
systems in the southeastern United States. Soil Sci. Soc. Am. J. 74, 347-357. 
Friedlingstein, P., Cox, P., Betts, R., Bopp, L., von Bloh, W., Brovkin, V., Cadule, P., Doney, S., Eby, M., 
Fung, I., Bala, G., John, J., Jones, C., Joos, F., Kato, T., Kawamiya, M., Knorr, W., Lindsay, K., Matthews, 
H.D., Raddatz, T., Rayner, P., Reick, C., Roeckner, E., Schnitzler, K.G., Schnur, R., Strassmann, K., 
Weaver, A.J., Yoshikawa, C., Zeng, N., 2006. Climateâ€“Carbon Cycle Feedback Analysis: Results from 
the C4MIP Model Intercomparison. Journal of Climate 19, 3337-3353. 
Giller, K.E., Witter, E., Corbeels, M., Tittonell, P., 2009. Conservation agriculture and smallholder 
farming in Africa: The heretics' view. FIELD CROP RES 114, 23-34. 
Gillespie, A.W., Walley, F.L., Farrell, R.E., Leinweber, P., Eckhardt, K.U., Regier, T.Z., Blyth, R.I.R., 2011. 
XANES and Pyrolysis-FIMS Evidence of Organic Matter Composition in a Hummocky Landscape. Soil 
Sci Soc Am J 75, 1741-1755. 
Govers, G., 2011. Misapplications and Misconceptions of Erosion Models. In: Morgan, R.P.C., Nearing, 
M.A. (Eds.), Handbook of Erosion Modelling. J. Wiley, Chicester, Chicester, pp. 117-134. 
Grace, P.R., Antle, J., Aggarwal, P.K., Ogle, S., Paustian, K., Basso, B., 2012. Soil carbon sequestration 
and associated economic costs for farming systems of the Indo-Gangetic Plain: A meta-analysis. 
Agric. Ecosyst. Environ. 146, 137-146. 
Grandjean, G., Cerdan, O., Richard, G., Cousin, I., Lagacherie, P., Tabbagh, A., Van Wesemael, B., 
Stevens, A., Lambot, S., Carre, F., Maftei, R., Hermann, T., Thornelof, M., Chiarantini, L., Moretti, S., 
McBratney, A.B., Ben Dor, E., 2010. DIGISOIL: An Integrated System of Data Collection Technologies 
for Mapping Soil Properties. 
Grunwald, S., Thompson, J., Boettinger, J., 2011. Digital soil mapping and modeling at continental 
scales: Finding solutions for global issues. Soil Sci. Soc. Am. J. 75, 1201-1213. 
Guo, L.B., Gifford, R.M., 2002. Soil carbon stocks and land use change: a meta analysis. Glob. Change 
Biol. 8, 345-360. 
Haggar, J.P., 1990. Nitrogen and phosphorus dynamics of systems integrating trees and annual crops 
in the tropics. St. John's college. University of Cambridge, Cambridge, p. 175. 
Harden, J.W., Berhe, A.A., Torn, M., Harte, J., Liu, S., Stallard, R.F., 2008. Soil erosion: Data say C sink. 
Science 320, 178-179. 
Harden, J.W., Sharpe, J.M., Parton, W.J., Ojima, D.S., Fries, T.L., Huntington, T.G., Dabney, S.M., 1999. 
Dynamic replacement and loss of soil carbon on eroding cropland. Global Biogeochemical Cycles 13, 
885-901. 
Hashimoto, S., Ugawa, S., Morisada, K., Wattenbach, M., Smith, P., Matsuura, Y., 2012. Potential 
carbon stock in Japanese forest soils - simulated impact of forest management and climate change 
using the CENTURY model. Soil Use Manage. 28, 45-53. 
Hassink, J., 1994. Effect of Soil Texture on the Size of the Microbial Biomass and on the Amount of C 
and N Mineralized Per Unit of Microbial Biomass in Dutch Grassland Soils. Soil Biol Biochem 26, 1573-
1581. 



Hassink, J., 1997. The capacity of soils to preserve organic C and N by their association with clay and 
silt particles. Plant and Soil 191, 77-87. 
Heimann, M., Reichstein, M., 2008. Terrestrial ecosystem carbon dynamics and climate feedbacks. 
Nature 451, 289-292. 
Hiederer, R., Köchyl, M., 2012. Global soil organic carbon estimates and the harmonized world soil 
database. Luxembourg, p. 79. 
Hooper, D.U., Adair, E.C., Cardinale, B.J., Byrnes, J.E.K., Hungate, B.A., Matulich, K.L., Gonzalez, A., 
Duffy, J.E., Gamfeldt, L., O/'Connor, M.I., 2012. A global synthesis reveals biodiversity loss as a major 
driver of ecosystem change. Nature advance online publication. 
Houghton, R.A., 2003. Revised estimates of the annual net flux of carbon to the atmosphere from 
changes in land use and land management 1850-2000. Tellus Ser. B-Chem. Phys. Meteorol. 55, 378-
390. 
Houghton, R.A., 2007. Balancing the global carbon budget. Annual Review of Earth and Planetary 
Sciences, pp. 313-347. 
Houghton, R.A., Hobbie, J.E., Melillo, J.M., Moore, B., Peterson, B.J., Shaver, G.R., Woodwell, G.M., 
1983. Changes in the carbon content of terrestrial biota and soils between 1860 and 1980 - a net 
release of CO2 to the atmosphere. Ecological Monographs 53, 235-262. 
Huerta, E., van der Wal, H., 2012. Soil macroinvertebrates' abundance and diversity in home gardens 
in Tabasco, Mexico, vary with soil texture, organic matter and vegetation cover. Eur. J. Soil Biol. 50, 
68-75. 
Hungate, B.A., van Groenigen, K.-J., Six, J., Jastrow, J.D., Luo, Y., de Graaff, M.-A., van Kessel, C., 
Osenberg, C.W., 2009. Assessing the effect of elevated carbon dioxide on soil carbon: a comparison 
of four meta-analyses. Glob. Change Biol. 15, 2020-2034. 
Imai, N., Samejima, H., Langner, A., Ong, R.C., Kita, S., Titin, J., Chung, A.Y.C., Lagan, P., Lee, Y.F., 
Kitayama, K., 2009. Co-Benefits of Sustainable Forest Management in Biodiversity Conservation and 
Carbon Sequestration. PLoS One 4, 7. 
IPCC, 2000. Special Report on Land Use, Land Use Change and Forestry. In: IPCC (Ed.), Cambridge. 
IPCC, 2006. IPCC guidelins for national greenhouse gas inventories, volume 4: agriculture forestry and 
other land use. Hayama. 
IPCC (Ed), 2007. Fourth assessment report on climate change (AR4). 
Janik, L.J., Merry, R.H., Skjemstad, J.O., 1998. Can mid infrared diffuse reflectance analysis replace 
soil extractions? Australian Journal of Experimental Agriculture 38, 681-696. 
Janzen, H.H., 2006. The soil carbon dilemma: Shall we hoard it or use it? Soil Biology & Biochemistry 
38, 419-424. 
Jenkinson, D.S., Adams, D.E., Wild, A., 1991. Model estimates of CO2 emission from soil in response 
to warming. Nature 351, 304-306. 
Jobbagy, E.G., Jackson, R.B., 2000. The vertical distribution of soil organic carbon and its relation to 
climate and vegetation. Ecol. Appl. 10, 423-436. 
Johnston, A.E., Poulton, P.R., Coleman, K., 2009. Soil organic matter: its importance in sustainable 
agriculture and carbon dioxide fluxes. In: Sparks, D.L. (Ed.), Advances in Agronomy, Vol 101. Elsevier 
Academic Press Inc, San Diego, pp. 1-57. 
Joos, F., Gerber, S., Prentice, I.C., Otto-Bliesner, B.L., Valdes, P.J., 2004. Transient simulations of 
Holocene atmospheric carbon dioxide and terrestrial carbon since the Last Glacial Maximum. Global 
Biogeochemical Cycles 18, 20. 
Kamoni, P.T., Gicheru, P.T., Wokabi, S.M., Easter, M., Milne, E., Coleman, K., Falloon, P., Paustian, K., 
2007. Predicted soil organic carbon stocks and changes in Kenya between 1990 and 2030. Agric. 
Ecosyst. Environ. 122, 105-113. 
Kaplan, J.O., Krumhardt, K.M., Zimmermann, N.E., 2012. The effects of land use and climate change 
on the carbon cycle of Europe over the past 500 years. Glob. Change Biol. 18, 902-914. 
Kasting, J.F., 1998. The carbon cycle, climate and the long-term effects of fossil fuel burnings. 
Consequences 4. 



Kelleher, B.P., Simpson, A.J., 2006. Humic substances in soils: Are they really chemically distinct? 
Environmental science & technology 40, 4605-4611. 
Kiem, R., Knicker, H., KÃ¶rschens, M., KÃ¶gel-Knabner, I., 2000. Refractory organic carbon in C-
depleted arable soils, as studied by 13C NMR spectroscopy and carbohydrate analysis. Organic 
Geochemistry 31, 655-668. 
Kimetu, J.M., Lehmann, J., Kinyangi, J.M., Cheng, C.H., Thies, J., Mugendi, D.N., Pell, A., 2009. Soil 
organic C stabilization and thresholds in C saturation. Soil Biology & Biochemistry 41, 2100-2104. 
Kindermann, G., Obersteiner, M., Sohngen, B., Sathaye, J., Andrasko, K., Rametsteiner, E., 
Schlamadinger, B., Wunder, S., Beach, R., 2008. Global cost estimates of reducing carbon emissions 
through avoided deforestation. Proceedings of the National Academy of Sciences 105, 10302-10307. 
Kirchmann, H., Bergstrom, L., Katterer, T., Mattsson, L., Gesslein, S., 2007. Comparison of long-term 
organic and conventional crop-livestock systems on a previously nutrient-depleted soil in Sweden. 
Agronomy Journal 99, 960-972. 
Kirkby, C., Kirkegaard, J., Richardson, A., Wade, L., Blanchard, C., Batten, G., 2011. Stable soil organic 
matter: a comparison of C: N: P: S ratios in Australian and other world soils. Geoderma 163, 197-208. 
Knutti, R., Hegerl, G.C., 2008. The equilibrium sensitivity of the Earth's temperature to radiation 
changes. Nature Geoscience 1, 735-743. 
Koehler, A.K., Sottocornola, M., Kiely, G., 2011. How strong is the current carbon sequestration of an 
Atlantic blanket bog? Glob. Change Biol. 17, 309-319. 
Kravchenko, A., Robertson, G., 2010. Whole-Profile Soil Carbon Stocks: The Danger of Assuming Too 
Much from Analyses of Too Little. Soil Sci. Soc. Am. J 75, 235-240. 
Krull, E., Lehmann, J., Skjemstad, J., 2008. The global extent of black C in soils: Is it everywhere? In: 
Schröder, H. (Ed.), Grasslands: Ecology, Management and Restoration. Nova Science Publishers, pp. 
13-17. 
Kruse, J., Schlichting, A., Siemens, J., Regier, T., Leinweber, P., 2010. Pyrolysis-field ionization mass 
spectrometry and nitrogen K-edge XANES spectroscopy applied to bulk soil leachates-a case study. 
Sci Total Environ 408, 4910-4915. 
Kukal, S.S., Rehana, R., Benbi, D.K., 2009. Soil organic carbon sequestration in relation to organic and 
inorganic fertilization in riceâ€“wheat and maizeâ€“wheat systems. Soil and Tillage Research 102, 87-
92. 
Ladha, J.K., Reddy, C.K., Padre, A.T., van Kessel, C., 2011. Role of Nitrogen Fertilization in Sustaining 
Organic Matter in Cultivated Soils. Journal of Environmental Quality 40, 1756-1766. 
Laganiere, J., Angers, D.A., Pare, D., 2010. Carbon accumulation in agricultural soils after 
afforestation: a meta-analysis. Glob. Change Biol. 16, 439-453. 
Lal, R., 2001. Managing world soils for food security and environmental quality. Advances in 
Agronomy, Vol 74 74, 155-192. 
Lal, R., 2004. Soil carbon sequestration impacts on global climate change and food security. Science 
304, 1623-1627. 
Lal, R., 2010. Beyond Copenhagen: mitigating climate change and achieving food security through soil 
carbon sequestration. Food Secur. 2, 169-177. 
Lal, R., Kimble, J.M., 1997. Conservation tillage for carbon sequestration. Nutrient Cycling in 
Agroecosystems 49, 243-253. 
Le Quere, C., Raupach, M.R., Canadell, J.G., Marland, G., Bopp, L., Ciais, P., Conway, T.J., Doney, S.C., 
Feely, R.A., Foster, P., Friedlingstein, P., Gurney, K., Houghton, R.A., House, J.I., Huntingford, C., Levy, 
P.E., Lomas, M.R., Majkut, J., Metzl, N., Ometto, J.P., Peters, G.P., Prentice, I.C., Randerson, J.T., 
Running, S.W., Sarmiento, J.L., Schuster, U., Sitch, S., Takahashi, T., Viovy, N., van der Werf, G.R., 
Woodward, F.I., 2009. Trends in the sources and sinks of carbon dioxide. Nature Geoscience 2, 831-
836. 
LeBissonnais, Y., Arrouays, D., 1997. Aggregate stability and assessment of soil crustability and 
erodibility .2. Application to humic loamy soils with various organic carbon contents. Eur. J. Soil Sci. 
48, 39-48. 



Lehmann, J., Liang, B.Q., Solomon, D., Lerotic, M., Luizao, F., Kinyangi, J., Schafer, T., Wirick, S., 
Jacobsen, C., 2005. Near-edge X-ray absorption fine structure (NEXAFS) spectroscopy for mapping 
nano-scale distribution of organic carbon forms in soil: Application to black carbon particles. Global 
Biogeochem Cy 19. 
Lehmann, J., Skjemstad, J., Sohi, S., Carter, J., Barson, M., Falloon, P., Coleman, K., Woodbury, P., 
Krull, E., 2008a. Australian climate-carbon cycle feedback reduced by soil black carbon. Nature 
Geoscience 1, 832-835. 
Lehmann, J., Solomon, D., Kinyangi, J., Dathe, L., Wirick, S., Jacobsen, C., 2008b. Spatial complexity of 
soil organic matter forms at nanometre scales. Nature Geoscience 1, 238-242. 
Leifeld, J., 2012. How sustainable is organic farming? Agric. Ecosyst. Environ. 150, 121-122. 
Lenka, N.K., Choudhury, P.R., Sudhishri, S., Dass, A., Patnaik, U.S., 2012. Soil aggregation, carbon 
build up and root zone soil moisture in degraded sloping lands under selected agroforestry based 
rehabilitation systems in eastern India. Agric. Ecosyst. Environ. 150, 54-62. 
Leone, A.P., Viscarra-Rossel, R.A., Amenta, P., Buondonno, A., 2012. Prediction of Soil Properties with 
PLSR and vis-NIR Spectroscopy: Application to Mediterranean Soils from Southern Italy. Current 
Analytical Chemistry 8, 283-299. 
Leys, A., Govers, G., Gillijns, K., Berckmoes, E., Takken, I., 2010. Scale effects on runoff and erosion 
losses from arable land under conservation and conventional tillage: The role of residue cover. J. 
Hydrol. 390, 143-154. 
Liang, B., Lehmann, J., Solomon, D., Kinyangi, J., Grossman, J., O'Neill, B., Skjemstad, J.O., Thies, J., 
Luizao, F.J., Petersen, J., Neves, E.G., 2006. Black Carbon increases cation exchange capacity in soils. 
Soil Sci. Soc. Am. J. 70, 1719-1730. 
Lipper, L., Dutilly-Diane, C., McCarthy, N., 2010. Supplying Carbon Sequestration From West African 
Rangelands: Opportunities and Barriers. Rangel. Ecol. Manag. 63, 155-166. 
Liu, S.G., Tan, Z.X., Li, Z.P., Zhao, S.Q., Yuan, W.P., 2011. Are soils of Iowa USA currently a carbon sink 
or source? Simulated changes in SOC stock from 1972 to 2007. Agric. Ecosyst. Environ. 140, 106-112. 
Loveland, P., Webb, J., 2003. Is there a critical level of organic matter in the agricultural soils of 
temperate regions: a review. SOIL & TILLAGE RESEARCH 70, 1-18. 
Ludwig, B., Geisseler, D., Michel, K., Joergensen, R.G., Schulz, E., Merbach, I., Raupp, J., Rauber, R., 
Hu, K., Niu, L., Liu, X., 2011. Effects of fertilization and soil management on crop yields and carbon 
stabilization in soils. A review. Agronomy for Sustainable Development 31, 361-372. 
Mack, M.C., Schuur, E.A.G., Bret-Harte, M.S., Shaver, G.R., Chapin, F.S., 2004. Ecosystem carbon 
storage in arctic tundra reduced by long-term nutrient fertilization. Nature 431, 440-443. 
Mader, P., Fliessbach, A., Dubois, D., Gunst, L., Fried, P., Niggli, U., 2002. Soil fertility and biodiversity 
in organic farming. Science 296, 1694-1697. 
Malamoud, K., McBratney, A.B., Minasny, B., Field, D.J., 2009. Modelling how carbon affects soil 
structure. Geoderma 149, 19-26. 
Manley, J., Van Kooten, G.C., Moeltner, K., Johnson, D.W., 2005. Creating carbon offsets in 
agriculture through no-till cultivation: A meta-analysis of costs and carbon benefits. Clim. Change 68, 
41-65. 
Mao, J., Johnson, R.L., Lehmann, J., Olk, D.C., Neves, E.G., Thompson, M., Schmidt-Rohr, K., 2012. 
Abundant and stable char residues in soils: Implications for soil fertility and carbon sequestration. 
Environmental science & technology. 
Mazzarino, M.J., Szott, L., Jimenez, M., 1993. Dynamics of soil total-c and total-n microbial biomass, 
and water-soluble-c in tropical agroecosystems. Soil Biology & Biochemistry 25, 205-214. 
McDowell, M.L., Bruland, G.L., Deenik, J.L., Grunwald, S., Knox, N.M., 2012. Soil total carbon analysis 
in Hawaiian soils with visible, near-infrared and mid-infrared diffuse reflectance spectroscopy. 
Geoderma 189, 312-320. 
Meersmans, J., van Wesemael, B., Goidts, E., van Molle, M., De Baets, S., De Ridder, F., 2011. Spatial 
analysis of soil organic carbon evolution in Belgian croplands and grasslands, 1960-2006. Glob. 
Change Biol. 17, 466-479. 



Metherell, A.K., Hardling, L.A., Cole, C.V., Parton, W.J., 1993. CENTURY Soil organic matter model 
environment. Technical documentation. Agroecosystem version 4.0. USDA ARS Great Plains System 
Research Unit, Fort Collins, Colorado. 
Milne, E., Al Adamat, R., Batjes, N.H., Bernoux, M., Bhattacharyya, T., Cerri, C.C., Cerri, C.E.P., 
Coleman, K., Easter, M., Falloon, P., Feller, C., Gicheru, P., Kamoni, P., Killian, K., Pal, D.K., Paustian, 
K., Powlson, D.S., Rawajfih, Z., Sessay, M., Williams, S., Wokabi, S., 2007. National and sub-national 
assessments of soil organic carbon stocks and changes: The GEFSOC modelling system. Agric. Ecosyst. 
Environ. 122, 3-12. 
Minasny, B., McBratney, A., Hong, S.Y., Sulaeman, Y., Kim, M.S., Zhang, Y.S., Kim, Y.H., Han, K.H., 
2012. Continuous rice cropping has been sequestering carbon in soils in Java and South Korea for the 
past 30 years. Global Biogeochemical Cycles 26, 1-8. 
Minasny, B., Sulaeman, Y., McBratney, A.B., 2011. Is soil carbon disappearing? The dynamics of soil 
organic carbon in Java. Glob. Change Biol. 17, 1917-1924. 
Murphy, B.W., Packer, I.J., Cowie, A.L., Singh, B.P., 2011. Tillage and crop stubble management and 
soil health in a changing climate. In: Singh, B.P., Cowie, A.L., Chan, K.Y. (Eds.), Soil Health and climate 
change. Springer Berlin Heidelberg, Berlin, Heidelberg, pp. 181-206. 
Nair, P.K.R., Nair, V.D., Kumar, B.M., Haile, S.G., 2009. Soil carbon sequestration in tropical 
agroforestry systems: a feasibility appraisal. Environmental Science & Policy 12, 1099-1111. 
Ngoze, S., Riha, S., Lehmann, J., Verchot, L., Kinyangi, J., Mbugua, D., Pell, A., 2008. Nutrient 
constraints to tropical agroecosystem productivity in long-term degrading soils. Glob. Change Biol. 
14, 2810-2822. 
Oelbermann, M., 2002. Linking carbon inputs to sustainable agriculture in Canadian and Costa Rican 
agroforestry systems. . Department of Land Resource Science. University of Guelph, p. 208. 
Oelbermann, M., Paul Voroney, R., Gordon, A.M., 2004. Carbon sequestration in tropical and 
temperate agroforestry systems: a review with examples from Costa Rica and southern Canada. 
Agriculture, Ecosystems &amp; Environment 104, 359-377. 
Ogle, S.M., Breidt, F.J., Easter, M., Williams, S., Paustian, K., 2007. An empirically based approach for 
estimating uncertainty associated with modelling carbon sequestration in soils. Ecological Modelling 
205, 453-463. 
Ogle, S.M., Breidt, F.J., Paustian, K., 2005. Agricultural management impacts on soil organic carbon 
storage under moist and dry climatic conditions of temperate and tropical regions. Biogeochemistry 
72, 87-121. 
Ogle, S.M., Swan, A., Paustian, K., 2012. No-till management impacts on crop productivity, carbon 
input and soil carbon sequestration. Agric. Ecosyst. Environ. 149, 37-49. 
Olofsson, J., Hickler, T., 2008. Effects of human land-use on the global carbon cycle during the last 
6,000 years. Vegetation History and Archaeobotany 17, 605-615. 
Oorts, K., Bossuyt, H., Labreuche, J., Merckx, R., Nicolardot, B., 2007. Carbon and nitrogen stocks in 
relation to organic matter fractions, aggregation and pore size distribution in no-tillage and 
conventional tillage in northern France. Eur. J. Soil Sci. 58, 248-259. 
Pan, G., Smith, P., Pan, W., 2009. The role of soil organic matter in maintaining the productivity and 
yield stability of cereals in China. Agriculture, Ecosystems & Environment 129, 344-348. 
Panagos, P., Van Liedekerke, M., Jones, A., Montanarella, L., 2012. European Soil Data Centre: 
Response to European policy support and public data requirements. Land Use Policy 29, 329-338. 
Pandolfi, J.M., Connolly, S.R., Marshall, D.J., Cohen, A.L., 2011. Projecting Coral Reef Futures Under 
Global Warming and Ocean Acidification. Science 333, 418-422. 
Paustian, K., Andren, O., Janzen, H.H., Lal, R., Smith, P., Tian, G., Tiessen, H., Van Noordwijk, M., 
Woomer, P.L., 1997. Agricultural soils as a sink to mitigate CO2 emissions. Soil Use Manage. 13, 230-
244. 
Peichl, M., Thevathasan, N., Gordon, A.M., Huss, J., Abohassan, R.A., 2006. Carbon sequestration 
potentials in temperate tree-based intercropping systems, southern Ontario, Canada. Agroforestry 
Systems 66, 243-257. 



Perfecto, I., Vandermeer, J., 2010. The agroecological matrix as alternative to the land-
sparing/agriculture intensification model. Proceedings of the National Academy of Sciences of the 
United States of America 107, 5786-5791. 
Peterson, G.A., Lyon, D.J., Fenster, C.R., 2012. Valuing Long-Term Field Experiments: Quantifying the 
Scientific Contribution of a Long-Term Tillage Experiment. Soil Sci Soc Am J 76, 757-765. 
Phalan, B., Onial, M., Balmford, A., Green, R.E., 2011. Reconciling Food Production and Biodiversity 
Conservation: Land Sharing and Land Sparing Compared. Science 333, 1289-1291. 
Poeplau, C., Don, A., Vesterdal, L., Leifeld, J., Van Wesemael, B., Schumacher, J., Gensior, A., 2011. 
Temporal dynamics of soil organic carbon after land-use change in the temperate zone - carbon 
response functions as a model approach. Glob. Change Biol. 17, 2415-2427. 
Pongratz, J., Reick, C.H., Raddatz, T., Claussen, M., 2009. Effects of anthropogenic land cover change 
on the carbon cycle of the last millennium. Global Biogeochemical Cycles 23, 13. 
Post, W.M., Emanuel, W.R., Zinke, P.J., Stangenberger, A.G., 1982. Soil carbon pools and world life 
zones. Nature 298, 156-159. 
Powlson, D.S., Brookes, P.C., Whitmore, A.P., Goulding, K.W.T., Hopkins, D.W., 2011. Soil Organic 
Matters. Eur. J. Soil Sci. 62, 1-4. 
Quinton, J.N., Govers, G., Van Oost, K., Bardgett, R.D., 2010. The impact of agricultural soil erosion on 
biogeochemical cycling. Nature Geoscience 3, 311-314. 
Raich, J.W., Schlesinger, W.H., 1992. The global carbon-dioxide flux in soil respiration and its 
relationship to vegetation and climate. Tellus Ser. B-Chem. Phys. Meteorol. 44, 81-99. 
Ramachandran Nair, P.K., Mohan Kumar, B., Nair, V.D., 2009. Agroforestry as a strategy for carbon 
sequestration. Journal of Plant Nutrition and Soil Science 172, 10-23. 
Rasool, R., Kukal, S.S., Hira, G.S., 2007. Soil physical fertility and crop performance as affected by long 
term application of FYM and inorganic fertilizers in rice-wheat system. SOIL & TILLAGE RESEARCH 96, 
64-72. 
Reich, P.B., Tilman, D., Isbell, F., Mueller, K., Hobbie, S.E., Flynn, D.F.B., Eisenhauer, N., 2012. Impacts 
of Biodiversity Loss Escalate Through Time as Redundancy Fades. Science 336, 589-592. 
Robert, M., 2001. Soil carbon sequestration for improved land management. In: FAO (Ed.), World Soil 
Resources Reports. FAO, Rome, p. 58. 
Rockström, J., Barron, J., Fox, P., 2003. Water productivity in rain-fed agriculture: challenges and 
opportunities for smallholder farmers in drought-prone tropical agroecosystems. In: Kijne, J.W., 
Barker, R., Molden, D. (Eds.), Water productivity in agriculture: Limits and opportunities for 
improvement. CAB International, pp. 145-162. 
Ruddiman, W.F., 2003. The anthropogenic greenhouse era began thousands of years ago. Clim. 
Change 61, 261-293. 
Rumpel, C., Koegel-Knabner, I., 2011. Deep soil organic matter-a key but poorly understood 
component of terrestrial C cycle. Plant and Soil 338, 143-158. 
Saby, N.P.A., Bellamy, P.H., Morvan, X., Arrouays, D., Jones, R.J.A., Verheijen, F.G.A., Kibblewhite, 
M.G., Verdoodt, A.N.N., ÜVeges, J.B., Freudenschuß, A., Simota, C., 2008. Will European soil-
monitoring networks be able to detect changes in topsoil organic carbon content? Glob. Change Biol. 
14, 2432-2442. 
Salazar, O., Casanova, M., Katterer, T., 2011. The impact of agroforestry combined with water 
harvesting on soil carbon and nitrogen stocks in central Chile evaluated using the ICBM/N model. 
Agric. Ecosyst. Environ. 140, 123-136. 
Sanchez, P.A., 2010. Tripling crop yields in tropical africa. Nat Geosci 3, 299-300. 
Sanderman, J., Farquharson, R., Baldock, J., 2010. Soil Carbon Sequestration Potential: A review for 
Australian agriculture. CSIRO, p. 81. 
Schmidt, M.W.I., Noack, A.G., 2000. Black carbon in soils and sediments: Analysis, distribution, 
implications, and current challenges. Global Biogeochemical Cycles 14, 777-793. 
Schmidt, M.W.I., Torn, M.S., Abiven, S., Dittmar, T., Guggenberger, G., Janssens, I.A., Kleber, M., 
Kogel-Knabner, I., Lehmann, J., Manning, D.A.C., Nannipieri, P., Rasse, D.P., Weiner, S., Trumbore, 
S.E., 2011. Persistence of soil organic matter as an ecosystem property. Nature 478, 49-56. 



Schroth, G., D'Angelo, S.A., Teixeira, W.G., Haag, D., Lieberei, R., 2002. Conversion of secondary 
forest into agroforestry and monoculture plantations in Amazonia: consequences for biomass, litter 
and soil carbon stocks after 7 years. Forest Ecology and Management 163, 131-150. 
Schuur, E.A.G., Vogel, J.G., Crummer, K.G., Lee, H., Sickman, J.O., Osterkamp, T.E., 2009. The effect of 
permafrost thaw on old carbon release and net carbon exchange from tundra. Nature 459, 556-559. 
Seufert, V., Ramankutty, N., Foley, J.A., 2012. Comparing the yields of organic and conventional 
agriculture. Nature 485, 229-232. 
Sharrow, S.H., Ismail, S., 2004. Carbon and nitrogen storage in agroforests, tree plantations, and 
pastures in western Oregon, USA. Agroforestry Systems 60, 123-130. 
Sileshi, G., Akinnifesi, F.K., Ajayi, O.C., Place, F., 2008. Meta-analysis of maize yield response to woody 
and herbaceous legumes in sub-Saharan Africa. Plant and Soil 307, 1-19. 
Six, J., Callewaert, P., Lenders, S., De Gryze, S., Morris, S.J., Gregorich, E.G., Paul, E.A., Paustian, K., 
2002. Measuring and understanding carbon storage in afforested soils by physical fractionation. Soil 
Sci Soc Am J 66, 1981-1987. 
Six, J., Elliott, E.T., Paustian, K., Doran, J.W., 1998. Aggregation and soil organic matter accumulation 
in cultivated and native grassland soils. Soil Sci Soc Am J 62, 1367-1377. 
Six, J., Paustian, K., Elliott, E.T., Combrink, C., 2000. Soil structure and organic matter: I. Distribution 
of aggregate-size classes and aggregate-associated carbon. Soil Sci. Soc. Am. J. 64, 681-689. 
Skjemstad, J.O., Reicosky, D.C., Wilts, A.R., McGowan, J.A., 2002. Charcoal carbon in US agricultural 
soils. Soil Sci. Soc. Am. J. 66, 1249-1255. 
Skjemstad, J.O., Spouncer, L.R., Cowie, B., Swift, R.S., 2004. Calibration of the Rothamsted organic 
carbon turnover model (RothC ver. 26.3), using measurable soil organic carbon pools. Australian 
Journal of Soil Research 42, 79-88. 
Smith, P., 2004. How long before a change in soil organic carbon can be detected? Glob. Change Biol. 
10, 1878-1883. 
Sparling, G.P., Wheeler, D., Vesely, E.T., Schipper, L.A., 2006. What is soil organic matter worth? 
Journal of Environmental Quality 35, 548-557. 
Stallard, R.F., 1998. Terrestrial sedimentation and the carbon cycle: Coupling weathering and erosion 
to carbon burial. Global Biogeochemical Cycles 12, 231-257. 
Stengel, P., Douglas, J., Guerif, J., Goss, M., Monnier, G., Cannell, R., 1984. Factors influencing the 
variation of some properties of soils in relation to their suitability for direct drilling. Soil and Tillage 
Research 4, 35-53. 
Stevens, A., Miralles, I., van Wesemael, B., 2012. Soil Organic Carbon Predictions by Airborne Imaging 
Spectroscopy: Comparing Cross-Validation and Validation. Soil Sci. Soc. Am. J. 76, 2174-2183. 
Stevens, A., Nocita, M., Van Wesemael, B., submitted. Prediction of soil organic carbon at the 
European scale by Vis-NIR reflectance spectroscopy. 
Stevens, A., van Wesemael, B., Bartholomeus, H., Rosillon, D., Tychon, B., Ben-Dor, E., 2008. 
Laboratory, field and airborne spectroscopy for monitoring organic carbon content in agricultural 
soils. Geoderma 144, 395-404. 
Stewart, C.E., Plante, A.F., Paustian, K., Conant, R.T., Six, J., 2008. Soil carbon saturation: Linking 
concept and measurable carbon pools. Soil Sci Soc Am J 72, 379-392. 
Stockmann, U., Adams, M.A., Crawford, J.W., Field, D.J., Henakaarchchi, N., Jenkins, M., Minasny, B., 
McBratney, A.B., de Courcelles, V.d.R., Singh, K., Wheeler, I., Abbott, L., Angers, D.A., Baldock, J., Bird, 
M., Brookes, P.C., Chenu, C., Jastrowh, J.D., Lal, R., Lehmann, J., O'Donnell, A.G., Parton, W.J., 
Whitehead, D., Zimmermann, M., 2013. The knowns, known unknowns and unknowns of 
sequestration of soil organic carbon. Agric. Ecosyst. Environ. 164, 80-99. 
Strassmann, K.M., Joos, F., Fischer, G., 2008. Simulating effects of land use changes on carbon fluxes: 
past contributions to atmospheric CO2 increases and future commitments due to losses of terrestrial 
sink capacity. Tellus Ser. B-Chem. Phys. Meteorol. 60, 583-603. 
Stringer, C., 2012. Evolution: What makes a modern human. Nature 485, 33-35. 
Stringer, L.C., Dougill, A.J., Thomas, A.D., Spracklen, D.V., Chesterman, S., Speranza, C.I., Rueff, H., 
Riddell, M., Williams, M., Beedy, T., Abson, D.J., Klintenberg, P., Syampungani, S., Powell, P., Palmer, 



A.R., Seely, M.K., Mkwambisi, D.D., Falcao, M., Sitoe, A., Ross, S., Kopolo, G., 2012. Challenges and 
opportunities in linking carbon sequestration, livelihoods and ecosystem service provision in 
drylands. Environmental Science & Policy 19-20, 121-135. 
Sweetman, A.J., Dalla Valle, M., Prevedouros, K., Jones, K.C., 2005. The role of soil organic carbon in 
the global cycling of persistent organic pollutants (POPs): interpreting and modelling field data. 
Chemosphere 60, 959-972. 
Tarnocai, C., Canadell, J.G., Schuur, E.a.G., Kuhry, P., Mazhitova, G., Zimov, S., 2009. Soil organic 
carbon pools in the northern circumpolar permafrost region. Global Biogeochemical Cycles 23, 1-11. 
Tian, Z., Jing, Q., Dai, T., Jiang, D., Cao, W., 2011. Effects of genetic improvements on grain yield and 
agronomic traits of winter wheat in the Yangtze River Basin of China. FIELD CROP RES 124, 417-425. 
Tilman, D., Balzer, C., Hill, J., Befort, B.L., 2011. Global food demand and the sustainable 
intensification of agriculture. P Natl Acad Sci USA 108, 20260-20264. 
Tomich, T.P., Brodt, S., Ferris, H., Galt, R., Horwath, W.R., Kebreab, E., Leveau, J.H.J., Liptzin, D., 
Lubell, M., Merel, P., Michelmore, R., Rosenstock, T., Scow, K., Six, J., Williams, N., Yang, L., 2011. 
Agroecology: A Review from a Global-Change Perspective. In: Gadgil, A., Liverman, D.M. (Eds.), 
Annual Review of Environment and Resources, Vol 36. Annual Reviews, Palo Alto, pp. 193-222. 
Torn, M.S., Trumbore, S.E., Chadwick, O.A., Vitousek, P.M., Hendricks, D.M., 1997. Mineral control of 
soil organic carbon storage and turnover. Nature 389, 170-173. 
Torri, D., Poesen, J., 1997. Predictability and uncertainty of the soil erodibility factor using a global 
dataset. Catena 31, 1-22. 
Totsche, K.U., Jann, S., Kogel-Knabner, I., 2006. Release of polycyclic aromatic hydrocarbons, 
dissolved organic carbon, and suspended matter from disturbed NAPL-contaminated gravelly soil 
material. Vadose Zone J. 5, 469-479. 
Trumbore, S., 2000. Age of soil organic matter and soil respiration: radiocarbon constraints on 
belowground C dynamics. Ecol. Appl. 10, 399-411. 
Trumbore, S.E., Czimczik, C.I., 2008. Geology - An uncertain future for soil carbon. Science 321, 1455-
1456. 
Usher, M.B., Sier, A.R.J., Hornung, M., Millard, P., 2006. Understanding biological diversity in soil: The 
UK's Soil Biodiversity Research Programme. Applied Soil Ecology 33, 101-113. 
van Capelle, C., Schrader, S., Brunotte, J., 2012. Tillage-induced changes in the functional diversity of 
soil biota - A review with a focus on German data. Eur. J. Soil Biol. 50, 165-181. 
van der Putten, W.H., Bardgett, R.D., de Ruiter, P.C., Hol, W.H.G., Meyer, K.M., Bezemer, T.M., 
Bradford, M.A., Christensen, S., Eppinga, M.B., Fukami, T., Hemerik, L., Molofsky, J., Schadler, M., 
Scherber, C., Strauss, S.Y., Vos, M., Wardle, D.A., 2009. Empirical and theoretical challenges in 
aboveground-belowground ecology. Oecologia 161, 1-14. 
van der Werf, G.R., Randerson, J.T., Giglio, L., Collatz, G.J., Mu, M., Kasibhatla, P.S., Morton, D.C., 
DeFries, R.S., Jin, Y., van Leeuwen, T.T., 2010. Global fire emissions and the contribution of 
deforestation, savanna, forest, agricultural, and peat fires (1997-2009). Atmos. Chem. Phys. 10, 
11707-11735. 
Van Hemelryck, H., Govers, G., Van Oost, K., Merckx, R., 2011. Evaluating the impact of soil 
redistribution on the in situ mineralization of soil organic carbon. Earth Surface Processes and 
Landforms 36, 427-438. 
Van Oost, K., Quine, T.A., Govers, G., De Gryze, S., Six, J., Harden, J.W., Ritchie, J.C., McCarty, G.W., 
Heckrath, G., Kosmas, C., Giraldez, J.V., da Silva, J.R.M., Merckx, R., 2007. The impact of agricultural 
soil erosion on the global carbon cycle. Science 318, 626-629. 
Van Rompaey, A.J.J., Govers, G., 2002. Data quality and model complexity for regional scale soil 
erosion prediction. International Journal of Geographical Information Science 16, 663-680. 
van Wesemael, B., Paustian, K., Meersmans, J., Goidts, E., Barancikova, G., Easter, M., 2010. 
Agricultural management explains historic changes in regional soil carbon stocks. Proceedings of the 
National Academy of Sciences of the United States of America 107, 14926-14930. 



VandenBygaart, A.J., Bremer, E., McConkey, B.G., Janzen, H.H., Angers, D.A., Carter, M.R., Drury, C.F., 
Lafond, G.P., McKenzie, R.H., 2010. Soil organic carbon stocks on long-term agroecosystem 
experiments in Canada. Canadian Journal of Soil Science 90, 543-550. 
Vanlauwe, B., Bationo, A., Chianu, J., Giller, K.E., Merckx, R., Mokwunye, U., Ohiokpehai, O., Pypers, 
P., Tabo, R., Shepherd, K.D., Smaling, E.M.A., Woomer, P.L., Sanginga, N., 2010. Integrated soil 
fertility management Operational definition and consequences for implementation and 
dissemination. Outlook on Agriculture 39, 17-24. 
Vanlauwe, B., Kihara, J., Chivenge, P., Pypers, P., Coe, R., Six, J., 2011. Agronomic use efficiency of N 
fertilizer in maize-based systems in sub-Saharan Africa within the context of integrated soil fertility 
management. Plant Soil 339, 35-50. 
Vasques, G.M., Grunwald, S., Harris, W.G., 2010a. Spectroscopic Models of Soil Organic Carbon in 
Florida, USA. Journal of Environmental Quality 39, 923-934. 
Vasques, G.M., Grunwald, S., Sickman, J.O., 2009. Modeling of Soil Organic Carbon Fractions Using 
Visible-Near-Infrared Spectroscopy. Soil Sci. Soc. Am. J. 73, 176-184. 
Vasques, G.M., Grunwald, S., Sickman, J.O., Comerford, N.B., 2010b. Upscaling of dynamic soil 
organic carbon pools in a north-central Florida watershed. Soil Sci. Soc. Am. J. 74, 870-879. 
Verbruggen, E., Roling, W.F.M., Gamper, H.A., Kowalchuk, G.A., Verhoef, H.A., van der Heijden, 
M.G.A., 2010. Positive effects of organic farming on below-ground mutualists: large-scale comparison 
of mycorrhizal fungal communities in agricultural soils. New Phytologist 186, 968-979. 
Verheijen, F.G.A., Bellamy, P.H., Kibblewhite, M.G., Gaunt, J.L., 2005. Organic carbon ranges in arable 
soils of England and Wales. Soil Use Manage. 21, 2-9. 
Veum, K.S., Goyne, K.W., Nolan, S.H., Motavalli, P.P., 2011. Assessment of soil organic carbon and 
total nitrogen under conservation management practices in the Central Claypan Region, Missouri, 
USA. Geoderma 167-68, 188-196. 
Villanneau, E.J., Saby, N.P.A., Marchant, B.P., Jolivet, C.C., Boulonne, L., Caria, G., Barriuso, E., Bispo, 
A., Briand, O., Arrouays, D., 2011. Which persistent organic pollutants can we map in soil using a 
large spacing systematic soil monitoring design? A case study in Northern France. Science of the Total 
Environment 409, 3719-3731. 
Wagg, C., Jansa, J., Schmid, B., van der Heijden, M.G.A., 2011. Belowground biodiversity effects of 
plant symbionts support aboveground productivity. Ecology Letters 14, 1001-1009. 
Wall, D.H., Bardgett, R.D., Kelly, E.F., 2010. Biodiversity in the dark. Nature Geoscience 3, 297-298. 
Wallis, P.D., Haynes, R.J., Hunter, C.H., Morris, C.D., 2010. Effect of land use and management on soil 
bacterial biodiversity as measured by PCR-DGGE. Applied Soil Ecology 46, 147-150. 
Wan, J., Tyliszczak, T., Tokunaga, T.K., 2007. Organic carbon distribution, speciation, and elemental 
correlations within soil micro aggregates: Applications of STXM and NEXAFS spectroscopy. Geochim 
Cosmochim Ac 71, 5439-5449. 
Wang, Z., Govers, G., Steegen, A., Clymans, W., Van den Putte, A., Langhans, C., Merckx, R., Van Oost, 
K., 2010. Catchment-scale carbon redistribution and delivery by water erosion in an intensively 
cultivated area. Geomorphology 124, 65-74. 
Wardle, D.A., 2006. The influence of biotic interactions on soil biodiversity. Ecology Letters 9, 870-
886. 
Wardle, D.A., Bardgett, R.D., Klironomos, J.N., Setala, H., van der Putten, W.H., Wall, D.H., 2004. 
Ecological linkages between aboveground and belowground biota. Science 304, 1629-1633. 
West, P.C., Gibbs, H.K., Monfreda, C., Wagner, J., Barford, C.C., Carpenter, S.R., Foley, J.A., 2010. 
Trading carbon for food: Global comparison of carbon stocks vs. crop yields on agricultural land. 
Proceedings of the National Academy of Sciences of the United States of America 107, 19645-19648. 
West, T.O., Marland, G., 2002a. A synthesis of carbon sequestration, carbon emissions, and net 
carbon flux in agriculture: comparing tillage practices in the United States. Agric. Ecosyst. Environ. 91, 
217-232. 
West, T.O., Marland, G., 2002b. A synthesis of carbon sequestration, carbon emissions, and net 
carbon flux in agriculture: comparing tillage practices in the United States. Agriculture, Ecosystems & 
Environment 91, 217-232. 



Wischmeier, W.H., Smith, D.D., 1965. Predicting rainfall erosion losses from cropland east of the 
Rocky Mountains. Agricultural Handbook. U.S. Department of Agriculture, p. 47. 
Yan, X.Y., Gong, W., 2010. The role of chemical and organic fertilizers on yield, yield variability and 
carbon sequestration- results of a 19-year experiment. Plant and Soil 331, 471-480. 
Yan, Y., Tian, J., Fan, M.S., Zhang, F.S., Li, X.L., Christie, P., Chen, H.Q., Lee, J., Kuzyakov, Y., Six, J., 
2012. Soil organic carbon and total nitrogen in intensively managed arable soils. Agric. Ecosyst. 
Environ. 150, 102-110. 
Yang, Y.N., Sheng, G.Y., 2003. Enhanced pesticide sorption by soils containing particulate matter from 
crop residue burns. Environmental science & technology 37, 3635-3639. 
Zida, Z., Ouedraogo, E., Mando, A., Stroosnijder, L., 2011. Termite and earthworm abundance and 
taxonomic richness under long-term conservation soil management in Saria, Burkina Faso, West 
Africa. Applied Soil Ecology 51, 122-129. 
Zimmermann, M., Leifeld, J., Schmidt, M.W.I., Smith, P., Fuhrer, J., 2007. Measured soil organic 
matter fractions can be related to pools in the RothC model. Eur. J. Soil Sci. 58, 658-667. 
Zingore, S., Murwira, H.K., Delve, R.J., Giller, K.E., 2007. Influence of nutrient management strategies 
on variability of soil fertility, crop yields and nutrient balances on smallholder farms in Zimbabwe. 
Agriculture Ecosystems & Environment 119, 112-126. 

 

 


