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Abstract 26 

We examine the influence of climate, soil properties, and vegetation characteristics on soil 27 

organic carbon (SOC) along a transect of West African ecosystems sampled across a 28 

precipitation gradient on contrasting soil types stretching from Ghana (15° N) to Mali (7° N). 29 

The pattern in SOC stocks, determined from 1,108 soil cores sampled over 14 permanent 30 

plots, reflects the very different climatic conditions which, together with soil properties, also 31 

influenced vegetation structure along the latitudinal transect. SOC stocks in the first 2 m of 32 

soil ranged from 20 Mg C ha-1 for a Sahelian savanna in Mali to over 120 Mg C ha-1 for a 33 

transitional forest in Ghana with an interdependence between soil bulk density (SBD) and 34 

soil properties along the transect highlighted by strong negative relationships between SBD 35 

and SOC. Used in combination with a suitable climatic parameter, sand content is a good 36 

predictor of SOC stored in highly weathered dry tropical ecosystems with arguably less 37 

confounding effects than provided by clay content. A simple predictive function capable of 38 

encompassing the effect of climate, soil properties and vegetation type on SOC stocks at 39 

different depths showed that available water (W*) and sand content taken together could 40 

explain 0.84 and 0.86 of the total variability in SOC stocks observed to 0.3 m and 1.0 m 41 

depth respectively. There was an increased contribution of resistant SOC to the total SOC 42 

pool for lower rainfall soils, this likely being the result of more frequent fire events in the 43 

grassier savannas of the more arid regions. This work provides new insights into the 44 

mechanisms determining the distribution of carbon storage in tropical soils and should 45 

contribute significantly to the development of robust predictive models of biogeochemical 46 

cycling and vegetation dynamics in tropical regions. 47 

48 
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Introduction 49 

Soils constitute a major reservoir of carbon at the global scale with about a third of the total 50 

SOC stored in tropical regions (Schimel et al, 1994; Davidson et al, 2000; Amundson, 2001). 51 

Although at the global scale the distribution of tropical vegetation and SOC decomposition 52 

rates are controlled by climate, edaphic and biotic factors play a fundamental role in affecting 53 

the quantity and quality of carbon inputs and decomposition processes at the local scale 54 

(Feller & Beare, 1997; Giardina & Ryan, 2000; Wynn et al, 2006; Wynn & Bird, 2007) with 55 

the SOC inventory in any soil profile being determined by the complex interplay of many 56 

factors including climate, soil texture, land use, fire frequency and topography (Bird et al, 57 

2001). Soil texture is of paramount importance in controlling SOC storage and strongly 58 

influences nutrient availability and water retention, particularly in highly weathered soils 59 

(Tiessen et al, 1994; Silver et al, 2000). In particular, clayeyer soils tend to have higher SOC 60 

concentrations due to the formation of passive carbon pools via the adsorption and 61 

aggregation of SOM by clay minerals (Schimel et al, 1994; Feller & Beare, 1997). 62 

Environmental gradients varying systematically in climate or other variables provide an 63 

excellent opportunity for both understanding mechanisms of abiotic control on ecosystem 64 

processes and study the potential impacts of global change in these ecosystems (Koch et al, 65 

1995). The ideal conditions provided by simplified environmental gradients to maximise the 66 

interpretation of results are not, however, present in West Africa because of the heterogeneity 67 

of soils and the differing frequency of disturbance events such as fire which naturally occur 68 

in these ecosystems (Pullan, 1969; White, 1983; Bird et al, 2000). However, it is still possible 69 

to extract very valuable information about the variation in SOC stocks with a number of soil 70 

forming factors in such circumstances (Wynn et al, 2006). 71 
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The strong climatic gradient existing between the humid environments prevalent near the 72 

coast and the arid conditions found in interior continental areas plays a fundamental role on 73 

the distribution of vegetation in West Africa (White, 1983; Marks et al, 2009) with the 74 

heterogeneity of soils also reflecting the large natural diversity of this vast region. Indeed, 75 

studies conducted decades ago identified the difficulty of assigning dominant pedogenetic 76 

features to any given climate within West Africa (Thomas, 1966; Pullan, 1969). The main 77 

reason for this is the lack of unequivocal effect of parent material as a soil formation factor 78 

given that West African soils have profiles that may have developed in material of mixed 79 

origin and some soils may also have been pre-weathered to a considerable depth. Therefore, 80 

the distribution of soils in West Africa cannot be related directly to present climate and 81 

vegetation, except perhaps for the nutrient-poor soils of semiarid regions (Pullan, 1969). 82 

A further confounding factor is that the average SOC density in West Africa is significantly 83 

lower than the global average as a result of its less favourable agroecological conditions and 84 

significant land degradation caused by human activities. Thus the semi-arid and subhumid 85 

regions of Africa have been reported by several studies as having the largest potential for 86 

carbon sequestration in the World (Batjes, 2001; Marks et al, 2009). Many of the soils of 87 

these regions are already severely degraded and may be susceptible to further losses with 88 

climate change and increasing human pressure on the soil resource (Marks et al, 2009). 89 

Therefore, there is a clear need for observational data sets of SOC stocks and distribution, to 90 

allow for the development and validation of robust biogeochemical cycling models (Bird et 91 

al, 2001; Wynn et al, 2006). Furthermore, while we have moderate understanding about the 92 

susceptibility of SOC to degradation in tropical environments, much less is known about how 93 

the SOC fraction resistant to decomposition varies along natural precipitation gradients 94 

(Cheng et al, 2008; Lehmann et al, 2008). The assessment of this variation can provide 95 
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valuable insights into the mechanisms leading to effective carbon sequestration and the likely 96 

effects of climate change on SOC pools. 97 

The objectives of the present study are: 1) The estimation of SOC stocks at representative 98 

sites over a wide range of relatively undisturbed ecosystems characteristic of West Africa; 2) 99 

determination of relative roles of climatic, edaphic and biotic factors in determining SOC 100 

stocks; and 3) evaluation of variations in the proportion of the SOC pool resistant to 101 

decomposition across the precipitation transect. 102 

103 
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Materials and Methods 104 

Description of the West African transect- Sites Characteristics 105 

This study was conducted along a latitudinal transect (15° -7° N) spanning nearly 1,000 km 106 

and encompassing a broad array of ecosystems and soil types characteristic of West Africa 107 

(Fig. 1a). Measurements were undertaken from August to October 2006 in Ghana, Burkina 108 

Faso and Mali. Fourteen study sites, consisting of ten 1 ha plots together with four 0.5 ha 109 

plots (BFI sites), were established in areas previously identified as representative of the 110 

potential natural vegetation of the region (Table 1). Specific locations were selected because 111 

they had some degree of protection from direct human intervention, although fire was not 112 

excluded from any of the plots. These included National Parks, Forest Reserves, and other 113 

legally protected areas except for the case of the Sahelian sites in Mali, which had no specific 114 

conservation status and were subject to varying degrees of grazing pressure, the latter being 115 

also the case for the most northern Sudan savanna sites of Burkina Faso. The sites were set 116 

out over consistently flat terrain with less than 100 metres of altitudinal variation between 117 

them. The northern point of the transect was dominated by Sahelian ecosystems, a very open 118 

savanna occurring on nutrient poor arenosols in the Southern border of the Sahara desert (Fig. 119 

1a, Table 1). This ecosystem is characterised by low rainfall with a mean annual precipitation 120 

(Pa) typically 200-400 mm a-1, and high rates of potential evaporation. Further south there is a 121 

natural progression into more tree-dominated forms of vegetation heavily influenced by the 122 

gradual increase in mean annual precipitation (Fig. 1b). The Southern end of transect 123 

corresponds to the wettest sites studied (>1200 mm a-1) supporting semi-deciduous tropical 124 

forest. The variation in mean annual temperature was less than 4ºC across the transect. 125 

Climatic data for each site was extracted from the WorldClim database with 1 km2 spatial 126 

resolution (Hijmans et al, 2005). We made use of a single climatic index effectively used in 127 

large scale environmental studies (Berry & Roderick, 2002; Wynn et al, 2006). This annual 128 
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water availability index (W* in mm a-1) is the difference between Pa and the mean annual 129 

amount of water that would be evaporated if all of the global solar radiation received at the 130 

surface was used to evaporate water. The index was calculated as: 131 

W* = Pa – (Qs/ ρw) L + 4000    (Eq. 1) 132 

; where Pa is mean annual precipitation rate, Qs is mean annual global solar radiation in J m-2 133 

a-1, ρw is the density of liquid water (~1000 kg m-3 at 25ºC), and L is the latent heat of 134 

evaporation of water (~2.5 x106 J kg-1 H2O at 25ºC). This formulation provides an index of 135 

water availability to plants, although it does not take into account runoff, surface albedo, and 136 

longwave radiation fluxes into and away from the surface. 137 

The wide range of soil types reported in Table 1 reflect contrasts in geology, climate, and 138 

vegetation integrated over extended time periods. Soils were classified according to the 139 

World Reference Base (WRB) (IUSS Working Group WRB 2006). For a detailed description 140 

of the sites see Domingues et al, (2010). 141 

 142 

Soil Sampling 143 

To overcome the heterogeneity in amount and stable isotopic signature of SOM in mixed 144 

C3/C4 environments (where grasses of the C4 photosynthetic pathway coexist with trees and 145 

shrubs of the C3 photosynthetic pathway) we collected soil samples following a stratified 146 

random sampling strategy that has proved well suited to such environments (Bird et al, 2004; 147 

Wynn et al, 2006). This approach consists of taking samples in a stratified manner near trees 148 

(‘Tree’; T samples at half canopy radius from trunks) and away from trees (‘Grass’; G 149 

samples at half the maximum distance between trees) to best account for the inherent 150 

heterogeneity of SOC characteristic of these ecosystems. At each of these locations surface 151 

litter was removed when present and three samples at 0-0.05 m and one sample at 0-0.30 m 152 
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were taken with the aid of a stainless steel corer 40 mm inner diameter (ø) before being 153 

placed in labelled zip-lock bags. This procedure was replicated five times at each site (both 154 

for T and G locations). Replicates were subsequently bulked according to location (T versus 155 

G) and depth (0-0.05 m and 0-0.30 m) as this procedure has been shown to be a cost effective 156 

technique for smoothing out local heterogeneity and for achieving robust regional estimates 157 

of SOC inventories (Bird et al, 2004; Wynn et al, 2006). At some sites, the individual 158 

samples were independently analysed and compared against results obtained pooling these 159 

samples, which further confirmed the soundness of the bulking procedure.  160 

Using the procedures detailed in Quesada et al, (2010), deep soil augering was also carried 161 

out within each plot in the near vicinity of 5 of the locations described above and samples 162 

taken at 0-0.05 m, 0.05-0.10 m, 0,10-0.20 m, 0,20-0.30 m, 0.30-0.50 m and then every 0.5 m 163 

up to 2 m depth (impenetrable layers permitting). These samples were used for 164 

determinations of pH, cation exchange capacity (ECEC), and elemental abundance of carbon 165 

and nitrogen. For each plot a soil pit was hand-dug up to 2 metres depth to assess soil type 166 

and allow for the description of soil characteristics (Quesada et al, 2011). In this exposed soil 167 

profile, samples were also collected at the same depth intervals as above to allow for analyses 168 

of soil colour, consistency, particle size distribution and bulk density. The total number of 169 

soil samples collected was 1,108. Samples have been archived at the University of St 170 

Andrews (Scotland, UK). 171 

 172 

Sample Preparation and Bulk Density Determinations 173 

Samples collected at 0-0.05 and 0-0.30 m using the steel corer were weighed in their sealed 174 

bags, clumps broken by hand and then oven dried at 40ºC to constant weight. An aliquot of 175 

these samples was then oven dried at 105ºC for four hours which allowed for the calculation 176 



 9 

of soil bulk density (SBD). Samples were then dry sieved to 2 mm and gravel and root 177 

content > 2 mm was determined by weight. The set of samples specifically collected in the 178 

soil pit for determination of bulk density were also dried at 105ºC, these having been taken 179 

using specifically designed rings (ø = 80 mm). In all cases calculation of SBD included 180 

fractions > 2 mm. The impact of including gravel and roots > 2 mm on the calculation of 181 

SOC stocks is dealt with separately in this work. Please refer to Supplementary Information. 182 

 183 

Analytical Methods 184 

Determinations of pH values were obtained using a digital pH meter in a 2:1 water soil 185 

solution with particle size distributions gravimetrically determined as described by van 186 

Reeuwijk (2002). Briefly, 10 g of soil dry sieved to 2 mm was first treated with a chemical 187 

dispersant, and then physical and separated by sieving into sand (particle sizes between 0.05 188 

and 2 mm), with the material passing through the sieve subjected to a series of hygrometer 189 

readings in a settling soil solution over time in order to determine clay content (particle sizes 190 

<0.002 mm). Silt (particle sizes between 0.002 mm and 0.05 mm) were obtained by mass 191 

balance from the recorded dry weights. 192 

Cation Exchange Capacity (CEC) was determined by ICP-OES extraction of soils using 193 

dilute unbuffered Silver-Thiourea for Al, K, Mg, Ca and Na as described by Quesada et al, 194 

(2011). Effective cation exchange capacity (ECEC) was calculated as the sum of these bases. 195 

Total phosphorous concentration was determined by ICP OES (Perkin Elmer 5300DV) on 196 

extracts obtained by acid digestion as described in Tiessen & Moir (1993). 197 

Quantification of Fe and Al elements was done by X-ray fluorescence (XRF) using a Spectro 198 

XLAB EDPXRF spectrometer equipped with a Rh anode X-ray tube, with the mineralogy of 199 

the Fe and Al oxides present in soil samples determined using X-ray diffractometry (XRD) 200 
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(Philips PW1050/Hiltonbrooks DG2) at the University of St Andrews (Scotland). 201 

Interpretation and semi-quantitative analysis of the scans was achieved using the Rietveld 202 

refinement method built in within the Siroquant software (SIROQUANT Sietronics Pty Ltd 203 

Australia). 204 

Sample aliquots were pre-treated with 6N HCl and subsequently analysed for variation in the 205 

C content which confirmed the absence of inorganic carbon. Elemental carbon and nitrogen 206 

abundances of powdered samples were determined in duplicate using a Costech Elemental 207 

Analyzer fitted with a zero-blank auto-sampler coupled via a ConFloIII to a ThermoFinnigan 208 

DeltaPlus-XL using Continuous-Flow Isotope Ratio Mass Spectrometry (CF-IRMS) at the 209 

University of St Andrews Facility for Earth and Environmental Analysis stable isotope 210 

laboratory. Precisions (S.D.) on internal standards for elemental carbon and nitrogen 211 

abundances were better than ±0.09% and 0.02% respectively. 212 

We used a modified version of the technique used by Bird & Grocke (1997) to isolate 213 

resistant SOC (RSOC). In short, 50 ml of solution made up of 0.1M K2Cr2O7 and 2 M H2SO4 214 

was added to 500 mg soil samples previously placed in centrifuge tubes. They were then 215 

capped and heated to 60°C in a temperature-controlled orbital shaker for 72 hours. The tubes 216 

were periodically uncapped to release evolved gases. At the end of the incubation all samples 217 

were washed by centrifugation with distilled water thrice and then oven dried at 60°C. The 218 

determination of elemental RSOC was as for total SOC (TSOC). 219 

220 
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Results 221 

Soil Characteristics 222 

Soils were moderately acid to neutral (4.9 ≤ pH ≤ 7.0) and ranged from medium to coarse 223 

texture, with a wide range of fertilities as evidenced by the ECEC varying from 9 to 41 mmol 224 

kg-1, [N] ranging from 0.1 to 1.4 mg g-1, and [P] ranging from 0.04 to 0.24 mg kg-1 (Table 1). 225 

SBD increased with latitude along the transect (Fig. 2), but with the magnitude of this change 226 

depending in soil depth. Northernmost sites had SBD values exceeding 1500 kg m-3 at the 227 

soil surface (0.0-0.05 m), which more than doubled those observed in forests at the transect 228 

southern end. Reflecting the depth-dependent latitudinal gradient the more arid ecosystems 229 

towards the north (Sudan/Sahelian savannas) had higher SBD in the first 0.05 m as compared 230 

to 0.30 m, while deeper soil samples towards the southern end of the transect had higher SBD 231 

than their shallower counterparts. 232 

SBD and SOC showed strong negative relationships across the precipitation transect at both 233 

0.0-0.05 and 0.0-0.3 m intervals. These relationships were best classified on the basis of soil 234 

texture (see discussion). Regressions indicated different decreasing patterns in SBD with 235 

increasing SOC for each soil depth. While similar rates of change were observed within each 236 

depth interval for both textural classes (medium and coarse), analyses of covariance showed 237 

these regressions to be significantly different (P<0.05; Fig. 3). 238 

The mineralogical composition as derived from XRD analyses revealed the strongly 239 

weathered characteristics of the soils as suggested by the large presence of quartz and 240 

kaolinite (Table 2). The semi-quantitative XRD analyses provided mineralogical abundances 241 

that correlated well with elemental contents obtained from XRF analyses. The imbalance 242 

between quantitative XRD and XRF analyses may indicate a significant proportion of 243 

amorphous or poorly crystalline material in some of the samples, especially in sites with 244 

abundant clay and iron contents (BBI and BDA sites) (Table 2). 245 
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 246 

- Soil Organic Carbon 247 

There was a large contrast in SOC stocks between sites from the Northern and Southern end 248 

of the studied transect (Fig. 4). Sahelian ecosystems contained less than 11 Mg C ha-1 in the 249 

first 0.3 m of the soil, while transitional dry forests growing in much less water limited sites 250 

stored up to ten times that amount. Greater carbon stocks and concentrations were found in 251 

the vicinity of trees at all sites compared to those observed in locations away from tree stems 252 

‘grass’ (Fig.4; Supplementary Information 1). SOC stocks in the first 2 m of the soil ranged 253 

from 20 to over 120 Mg C ha-1 for a Sahelian and a transitional forest respectively. Overall, 254 

the average SOC contained in the first 0.05 m of the soil accounted for roughly 0.3 of that 255 

stored in the first 0.3 m. Similarly, the upper 0.3 m of the soil accounted for about 0.3 of the 256 

total 2 m OC inventory (Supplementary Information 2). The inclusion of gravel and roots >2 257 

mm had a relatively low impact on the calculation of SOC stocks (Supplementary 258 

Information 3). 259 

Although there was an overall discernible increasing pattern of SOC stocks with mean annual 260 

precipitation (Fig. 4), this trend was also heavily influenced by the different soil types found 261 

along the transect. Simple regressions based on either mean annual precipitation or mean 262 

annual temperature could account for only a maximum of 0.52 of the variability in SOC at 263 

any depth (analyses not shown) with these fits slightly improving when the available water 264 

index (W*) of Eq. 1 was used as a predictor variable. We did, however, obtained a much 265 

better fit when sand content was included along with W* as predictors of SOC. Taken 266 

together these variables explained 0.84 and 0.86 of the total variability in SOC stocks 267 

observed to 0.3 and 1.0 m depths respectively (Table 3, Fig. 5). 268 

The relative contribution of RSOC to the TSOC pool declined with increasing precipitation as is 269 

shown in Fig 6. Savanna sites showed fractional RSOC contributions larger than 0.18 of the 270 
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TSOC while dry forests consistently had lower contributions of RSOC of typically less than 0.1 271 

Absolute RSOC values were lower than 7 Mg C ha-1 except for one savanna site with 15 Mg C 272 

ha-1 (BDA-2) which seemed to have a very intense burning regime (see discussion). 273 

274 
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Discussion 275 

- Soil Bulk Density variation along the transect 276 

Calculation of accurate SOC stocks at any given depth relies on the acquisition of SBD and 277 

SOC in soil constituents smaller than 2 mm. These variables are interdependent to some 278 

degree as it is shown by the latitudinal gradient in SBD, which is primarily the result of the 279 

interplay between SOC contents and soil properties at each site (Figs 2-3). Transitional 280 

forests at the Southern end of the transect had the lowest values in SBD as a result of having 281 

larger content of silts and clays, and the highest SOC values (Table 1, Fig. 3, Supplementary 282 

information 1-2). The significance of SOC contents, soil textures and mineral compositions 283 

determining SBD along the precipitation transect is highlighted by the fact that large SBD 284 

values of the relatively carbon-poor Northern sites were not just exclusive to markedly sandy 285 

Sahelian ecosystems (i.e. HOM sites), but also occurred in relatively dry savanna sites with 286 

more loamy textures (i.e. BBI and BDA sites) (Table 1). However, the reason behind the 287 

relatively high SBD values observed in the savannas with noticeably finer soil textures is 288 

very different. 289 

The soils of these Sudan-savannas are characterised by the relatively large content of iron and 290 

aluminium oxides with net positive surface charges which have the capacity to form surface 291 

coatings on negatively charged clay minerals (Cornell & Schwertmann, 1996; Hien et al, 292 

2006). These coated clay particles are cemented by iron, forming sand-sized microaggregates 293 

called sesquioxides or pseudo-sands, which feel coarse-textured and result in higher SBD 294 

values than those observed in sandier soils at comparable SOC contents (Fig. 3). The strong 295 

negative relationships observed between SBD and SOC along the precipitation transect were 296 

best classified on the basis of soil texture, a physical property heavily influenced by soil 297 

mineral composition. 298 
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The relative low amount of OC present in the top soil layer of the most arid ecosystems in 299 

this study (Sudan/Sahelian savannas), has direct implications for soil structure and hence the 300 

higher bulk density observed at the top layer of these arid sites (Figs. 2-3), a characteristic to 301 

which cattle trampling may have also contributed. By contrast, the larger presence of clay 302 

particles at depth promoted particle aggregation and consequently the increase in overall pore 303 

space, which agrees well with the decrease in SBD observed at these arid sites. However, this 304 

pattern in SBD is reversed towards the Southern end of the transect, where deeper soils have 305 

higher bulk densities than surface soils (Figs. 2-3). 306 

 307 

- Soil Organic Carbon stocks along the transect 308 

The range of West African environments studied here show a moderate capacity to store large 309 

amounts of organic carbon in the soil with the exception of Sahelian ecosystems and savanna 310 

sites growing in markedly sandy soils (sandy and loamy sands textural classes; Table 1). 311 

Indeed, where sampling to 1.0 m was possible, sites with finer soil textures invariably 312 

showed SOC values exceeding 60 Mg C ha-1 (Supplementary information 2), making the soil 313 

a much larger carbon reservoir than that of biomass as was also reported by Grace et al, 314 

(2006) in savanna environments. The SOC stocks observed at different ecosystems agree 315 

relatively well with results compiled by Post et al (1982) who reported an average of 20, 54, 316 

61, 99 Mg C ha-1 at 1 metre depth for tropical desert bush, tropical woodland-savanna, very 317 

dry, and dry tropical forests respectively. More specifically, individual studies conducted 318 

across West Africa reflect the large degree of variability in SOC stocks for the different types 319 

of ecosystems. A study by Woomer et al (2004a) report a range of 11-25 Mg C ha-1 at 0.4 m 320 

in the sahelian transition zone of Senegal, while Roose and Bathès (2001) observed a range of 321 

15-46 Mg C ha-1 to 0.3 metres over a rainfall gradient encompassing a Sudano-sahelian 322 

savanna in Burkina Faso and a subequatorial forest in Ivory Coast. Moreover, Batjes et al 323 
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(2001) calculated an average of 42-45 Mg C ha-1 for West Africa at 1 metre depth making use 324 

of a global soil database. These rates are somewhat lower than the results shown in our work 325 

(Supplementary information 2), however that calculation is not just the product of results 326 

obtained from relatively low-disturbed natural ecosystems but also from agricultural and 327 

more degraded biomes. The loss of SOC by conversion of natural vegetation to agricultural 328 

use is widely reported in the literature (Post and Kwon, 2000), and this region is by no means 329 

an exception to this trend (Roose and Bathès, 2001; Hien et al, 2006). Besides, West Africa is 330 

severely affected by other important factors contributing to the decline in SOC stocks 331 

including decreases in soil fertility as a result of agricultural mismanagement and 332 

overgrazing, persistent droughts and soil erosion (Batjes, 2001; Tschakert et al, 2004; Marks 333 

et al, 2009). Work conducted by Woomer et al (2004b) in Senegal, estimated an average 334 

annual carbon loss of approximately 0.07% from the first 0.4 m of soil for the period between 335 

1965 and 2000 after adjusting for land use/cover change and the depletion of woody biomass. 336 

At the plot scale, the consistently greater SOC stocks observed in locations directly 337 

influenced by the presence of trees justifies the use of a stratified sampling design in mixed 338 

C3/C4 environments, and may reflect both the larger content of OM inputs occurring at tree 339 

locations and/or lower decomposition rates of C3 derived material relative to C4-derived 340 

material (Wynn & Bird, 2007). Furthermore, this aspect is further highlighted by the fact that 341 

the largest SOC stock at 0.3 m observed over the entire dataset corresponded to locations that 342 

were purposely sampled because of the noticeable presence of clumps of trees growing on 343 

abandoned termite mounds (Fig.4). Similarly, in a study conducted on a humid savanna 344 

Mordelet et al, (1993) reported large SOC concentrations in tree clumps due to greater 345 

organic matter input beneath tree canopies. 346 

Although there was an overall discernible increasing pattern in SOC stocks with increasing 347 

precipitation (Fig. 4), this trend was heavily influenced by the different soil types existing 348 
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along the transect (Table 1). Indeed, simple regressions based on either mean annual 349 

precipitation or mean annual temperature could just account for up to 0.52 of the variability 350 

in SOC at any depth (analyses not shown). These results are comparable to other studies that 351 

have used linear relationships driven by single climatic or soil variables to explain SOC 352 

stocks across extensive tropical semi-arid regions (Jones, 1973; Bird et al, 2004; Wynn et al, 353 

2006). The relatively low explanatory power of these functions, which typically explain less 354 

than 0.50 of the total variation, suggest a complex interplay of multiple factors driving the 355 

storage dynamics of SOC. 356 

It is well established that fine textured soils have a strong effect on SOC decomposition 357 

processes by means of physically protecting SOM, which increases both SOC content and 358 

carbon residence time (Schimel et al, 1994; Silver et al, 2000). In this study, soils very sandy 359 

in nature (sandy and loamy sand textures), consistently had the lowest SOC stocks regardless 360 

of climate because of the low nutrient and water retention capacity as well as the poor soil 361 

structure characteristic of these soils, while the opposite was true for soils with finer textural 362 

classes (Table 1; Fig. 4).  363 

In addition to the influence of climate and soil properties on SOC stocks, the type of 364 

vegetation existing at a given location has a strong effect on the amount and quality of 365 

organic inputs returning to the soil, thus greatly influencing its carbon storage potential (Post 366 

et al, 1982). Within this context, it is worth considering the role of soil fertility in 367 

determining the type of vegetation across the transect. Overall, the soils studied here 368 

presented relatively low ECEC rates commonly observed in strongly weathered tropical 369 

ecosystems (Marques et al, 2004). Indeed ECEC, defined as the sum of the exchangeable 370 

cations that a soil can adsorb, is an important chemical property commonly used for assessing 371 

the fertility of a given soil (Brady & Weil, 2002; Sankaran et al, 2005). Nonetheless, the role 372 

of soil nitrogen (N) and phosphorous (P) in available forms to plants should also have 373 
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important implications for plant productivity and ecosystem functioning (Domingues et al, 374 

2010; Quesada et al, 2010). The irregular pattern in ECEC rates observed along the transect, 375 

with some Sudan savannas showing the highest values (Table 1), demonstrates that soil 376 

fertility was not the main limiting factor behind the type of vegetation occurring at a given 377 

location, except perhaps for the forests existing in the wetter end of transect where we 378 

observed larger concentrations in soil N and P compared to savannas. Therefore precipitation, 379 

or rather the amount of water available for plant growth, may be the main factor influencing 380 

the type of vegetation occurring along the transect, which has direct implications for site 381 

productivity, and consequently for soil structure, SBD, and SOC storage. A good example of 382 

the complex interplay of factors determining the impact that soils have on vegetation and 383 

their capacity to store carbon is offered by the Sudan savannas studied in Burkina Faso. 384 

These sites had comparatively large SOC contents because of the physical protection 385 

provided by the nature of their soils (Tables 1-2). The presence of sesquioxides greatly 386 

affected soil structure and consequently their water retention capacity, since these particles 387 

promote large inter-aggregate pores capable of draining water at the same soil water 388 

potentials as sands of comparable size, whereas the intra-aggregate micropores hold water at 389 

very high tensions (Santos et al, 1989). The consequence of this is that less water will be 390 

available for plant growth given that these soils have relatively few pores in the size range 391 

that contains water accessible for plants (Nitzsche et al, 2008), which undoubtedly influence 392 

the type of vegetation that can be sustained. While the amount of water available for plant 393 

growth can be reasonably considered as the main determinant for the type of vegetation 394 

observed along this precipitation transect, there are more factors other than soil fertility, 395 

which may influence this distribution. These factors include both natural and anthropogenic 396 

disturbances (fire, grazing pressure), and soil physical constraints for plant growth. Such is 397 

the case of BDA-3, a grassland site growing on hardened plinthite crust occurring at less than 398 
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0.2 m from the surface (Table 1). In such circumstances root penetration by woody plants is 399 

strongly diminished and only herbaceous vegetation may develop. 400 

 401 

- Functions predicting Soil Organic Carbon stocks 402 

In view of the contrasting soil characteristics observed over the wide range of vegetation 403 

existing across the precipitation gradient, we established a relatively simple predictive 404 

function to predict SOC stocks at different depths driven by a combination of climate and 405 

quantifiable soil variables capable of effectively encompassing the effect of climate, soil 406 

properties and vegetation type on SOC storage. 407 

A large number of studies have reported strong correlation between SOC and clay contents, 408 

and indeed most process-based models simulating SOM dynamics make use of this 409 

relationship as the role of clays in soil physiochemical processes has been proved 410 

fundamental (Spain, 1990; Schimel et al, 1994; Sollins et al, 1996; Feller & Beare, 1997). 411 

However, it is difficult to find unequivocal evidence on the role of clays stabilising SOC, 412 

given that clay may be correlated with other factors and it is not clear which ones are 413 

causative (Oades et al, 1988). Moreover, there are also studies that have found weak 414 

correlations between SOC and clay contents in contrasting ecosystems (Percival et al, 2000; 415 

Silver et al, 2000; Bricklemyer et al, 2007). The effect of clay on SOC stocks is also 416 

dependent on the clay mineralogy of the soil (Spain, 1990, Bruun et al, 2010). Therefore, 417 

caution should be exerted when generalising about the role played by clay content in SOC 418 

stabilization. 419 

Most tropical systems, with the exception of those occurring in mountainous regions, 420 

wetlands or recent volcanic deposits, usually contain soils that have undergone significant 421 

heavy weathering for prolonged periods of time. Consequently, their soil matrixes are mainly 422 

made up of minerals with high resistance to weathering (Table 2). As discussed above, the 423 
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association of clays with aluminium and iron oxides may result in the formation of 424 

sesquioxides in certain tropical soils conferring the soil a sand-like texture, which strongly 425 

affects its water retention capacity and result in the unusual high SBD values observed for 426 

medium-textured soils (Fig. 3). Thus, these particles may exert a strong influence on these 427 

two soil properties which are essential factors in determining SOC stocks. However, a large 428 

proportion of the constituents of sesquioxides will be accounted for as clay fraction in 429 

laboratory analyses, which may limit to some extent the predictive power of regressions 430 

driven by clay content (Table 3). In this study, a function combining sand content and 431 

available water index (W*) explained 0.84 and 0.86 of the total variability in SOC stocks 432 

observed at 0.0-0.3 and 0.0-1.0 m respectively (Table 3, Fig. 5). Used in combination with a 433 

suitable climatic parameter, sand content was a good predictor of SOC stored in highly 434 

weathered dry tropical ecosystems with arguably less confounding effects than that provided 435 

by clay content. 436 

 437 

- Resistant Soil Organic Carbon variation along the transect 438 

The soil sampling strategy we used in this study allowed for the comparison of soil properties 439 

at systematically defined locations. The fact that we used ‘Grass’ locations in the assessment 440 

of RSOC had a double advantage; on the one hand, it excludes the possibility of confounding 441 

effects derived from any preferential sampling of woody biomass, while on the other hand, 442 

sampling at a mid distance from trees allows for the relative unbiased account of the effect of 443 

contrasting woody covers. However, failure to determine RSOC at ‘Tree’ locations may result 444 

in an underestimation of its overall absolute value for a particular site. 445 

Several studies using strong acid treatments to isolate RSOC have shown that poorly 446 

crystalline and amorphous mineral components are left relatively untouched (Siregar et al, 447 

2004; Kleber et al, 2005; Mikutta et al, 2006), thus supporting the idea that the most 448 
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important determinants controlling mineral associated RSOC in heavily weathered soil systems 449 

may not be significantly affected by the use of acid treatments. The analytical procedure we 450 

chose to isolate the RSOC fraction has already been used as a proxy for pyrogenic carbon (Bird 451 

& Grocke, 1997), although we purposefully chose not remove the mineral component by HF 452 

dissolution prior to oxidation to include OC protected by mineral associations, given that 453 

dissolution of mineral phases previous to oxidation with treatments like HF hydrolysis has 454 

been shown to release significant amounts of OC from soils containing large contents of 455 

mineral-bound OM (Kaiser et al, 2002; Gonçalvez et al, 2003). 456 

The physicochemical protection of SOC conferred by soil minerals may be an important 457 

factor contributing to RSOC, indeed the presence of sesquioxides promoting stable aggregates 458 

may have contributed to the relatively large RSOC contribution observed in the savannas of 459 

Burkina Faso (Tables 1-2; Fig. 6). It has been reported that the lability of SOC in tropical 460 

ecosystems when compared across contrasting soils types is significantly influenced by clay 461 

mineralogy and content of Fe and Al (hydr-) oxides but not by clay content (Bruun et al, 462 

2010). On the other hand, Plante et al (2006) showed in a study conducted over two widely-463 

ranged textural gradients that biochemically protected OC in whole soil samples increased 464 

with clay content. Even though the range of textures covered in our study is much narrower 465 

than that of the abovementioned work, the role of texture influencing the rates of mineral-466 

protected SOC, particularly in soils presenting similar mineralogy, cannot be ignored. 467 

Chemically recalcitrant carbon compounds are also known to be significant contributors to 468 

the abundance of RSOC (Cheng et al, 2008; Lehmann et al, 2008). The mechanisms of 469 

stabilization of OM in forest subsoils were investigated by Mikutta et al (2006) who reported 470 

an average contribution of 27% of the total stable SOC attributable to chemically 471 

recalcitrance of OC. However, that study was not conducted in fire-prone savannas which 472 

have been shown to present a relatively large presence of recalcitrant substances derived from 473 
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incomplete combustion of biomass (i.e. charcoal) (Bird and Grocke, 1997; Lehmann et al, 474 

2008). Aromatic substances like lignin have traditionally been considered as important 475 

controlling factors over the formation and stabilization of SOC, however recent studies have 476 

challenged this view (Thevenot et al, 2010). In particular, mechanisms behind their 477 

stabilization and turnover in soils remain open to debate. Furthermore, there are a limited 478 

number of studies dealing with lignin dynamics in dry tropical ecosystems, and those 479 

reported show relatively low lignin contents compared to other systems such as agricultural 480 

and temperate forests (Guggenberger et al, 1995; Thevenot et al, 2010). Hence, we 481 

hypothesize that the role of lignin determining the amount of RSOC in these ecosystems is far 482 

less significant than that of pyrogenic carbon. The savanna site with the highest RSOC 483 

contribution to TSOC provided good evidence for fire being the main factor behind the high 484 

content of RSOC observed in savanna environments not only because of the noticeably low 485 

numbers of trees that were able to reach maturity (Table 1), but also because this site had an 486 

extraordinary large presence of Cochlospermum planchonii, a pyrophyllic shrub associated 487 

with very frequent fires (Devineau et al, 2010). Therefore, we postulate that the decreasing 488 

trend in the contribution of RSOC to TSOC with increasing precipitation is mainly the result of 489 

more frequent fire events characteristic of savanna ecosystems (Sankaran et al, 2005; Grace 490 

et al, 2006; Furley et al, 2008), which is in agreement with the higher abundance of 491 

macroscopic charcoal fragments we noted in the soils of these ecosystems. 492 

493 
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Conclusions 494 

We assessed the influence of climate, soil properties, and vegetation characteristics on soil 495 

organic carbon (SOC) storage in a key geographical area with considerable potential for SOC 496 

sequestration. The soil sampling strategy used in this study allowed for the comparison of soil 497 

properties at systematically defined locations. The strong control by vegetation at the plot 498 

level was shown by the contrasting values in SOC contents observed between sampling 499 

locations. The large observed variation in SOC stocks reflects the very different climatic 500 

conditions existing along the transect, which together with soil properties, strongly 501 

determined the contrasting type of vegetation occurring at those sites. The degree of 502 

interdependence between SBD and soil properties for the range of soils covered in this work 503 

is highlighted by the strong negative relationships observed between SBD and SOC along the 504 

transect. Early studies dealing with SOC in tropical ecosystems usually reported soil carbon 505 

abundances without information on SBD (e.g. Jones, 1973; Kadeba, 1978). Therefore, it has 506 

not been possible to convert those results to inventories. However, provided that information 507 

on the basic textural characteristics of those soils is available, one can make use of the SOC-508 

SBD relationships reported here in order to ascertain SBD for the range of mineral soils 509 

included in the present study. This can be achieved within a reasonable degree of accuracy 510 

since at least 0.84 of the variability gets explained. Therefore, the use of these relationships 511 

may allow the calculation of SOC stocks for those studies, which may provide really useful 512 

baselines for research work dealing with changes in SOC stocks over time. 513 

Used in combination with a suitable climatic parameter, such as available water, sand content 514 

is a reliable predictor of SOC stored in highly weathered dry tropical ecosystems with 515 

arguably less confounding effects than are associated with the use of clay content as a 516 

predictor. The presence of sesquioxides at some of the studied sites resulted in an ‘apparently 517 
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coarse’ texture which strongly influenced both the high SBD values observed and the amount 518 

of water available to plants. The latter played a fundamental role influencing the type of 519 

vegetation occurring along the transect, which has direct implications for the amount and 520 

quality of organic inputs returning to the system, and consequently on soil structure, SBD, 521 

and SOC storage. Factors influencing the type of vegetation observed along this precipitation 522 

transect included soil fertility, soil physical constraints for plant growth and both natural and 523 

anthropogenic disturbances (e.g. grazing pressure, fire). 524 

We suggest that the observed decreasing trend in the contribution of resistant SOC to total 525 

SOC pool with increasing precipitation was mainly the result of more frequent fire events 526 

characteristic of savanna ecosystems. Global coupled climate carbon cycle model simulations 527 

predict net losses in SOC stocks in West Africa as a result of increased heterotrophic soil 528 

respiration and reduced precipitation (Friedlingstein et al, 2010). These models have 529 

identified that SOC losses will be more significant in humid coastal regions, while SOC pools 530 

will show lower susceptibility in more arid regions. The greater relative proportion of RSOC in 531 

savannas further confirms that the resilience of these ecosystems to SOC loss is larger than 532 

that of forests. While the present study stresses the relevance of West African soil properties 533 

in SOC storage, our findings reinforce the view that semi-arid ecosystems offer a significant 534 

opportunity for soil carbon sequestration because of their large area and relatively low human 535 

populations (Tschakert et al, 2004; Marks et al, 2009). This work will contribute to the 536 

development of robust predictive models of biogeochemical cycling and vegetation dynamics 537 

in semi-arid tropical regions. 538 

539 
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Table 1: Characteristics of the sites. 728 

Site 
Regional 

Classification 
of Vegetation 

Canopy 
Cover 

Soil Type  
WRB 

Textural 
Class 

FAO (USDA) 

Clay 
content 
kg kg-1 

Sand 
content 
kg kg-1 

pH ECEC 
mmol kg-1 

N 
mg g-1 

P 
mg g-1 

Fe 
mg g-1 

Al 
mg g-1 

HOM-1 Open Sudan 
savanna (Sahel) 0.01 Haplic Arenosol Coarse 

(Sandy) 0.03 0.89 6.4 9.6 (1.7) 0.11 0.05 7.0 9.5 

HOM-2 Open Sudan 
savanna (Sahel) 0.05 Haplic Arenosol Coarse 

(Sandy) 0.01 0.93 6.7 11.9 (3.8) 0.12 0.05 4.9 9.0 

BBI-1 Open Sudan 
savanna 0.28 Haplic Luvisol Medium 

(Clay Loam) 0.39 0.31 5.8 39.4 (5.0) 0.30 0.08 23.8 52.9 

BBI-2 Open Sudan 
savanna 0.51 Pisolithic 

Plinthosol 
Medium 
(Loam) 0.18 0.49 6.1 27.6 (3.4) 0.43 0.11 22.4 55.0 

BDA-1 Open Savanna 
woodland 0.162 Haplic Fluvisol Medium Fine 

(Silty loam) 0.25 0.11 5.8 41.0 (10.7) 0.60 0.11 44.1 40.2 

BDA-2 Open Savanna 
woodland 0.03 Acric Stagnic 

Plinthosol 
Medium 

(Silty loam) 0.1 0.39 5.6 26.3 (12.7) 0.32 0.07 45.5 24.3 

BDA-3 Open Savanna 
grassland 0.00 Epipetric Stagnic 

Plinthosol n/a   5.6 8.7 (6.4) 0.68 0.17 65.0 30.2 

MLE-1 Open Savanna 
woodland Guinea 0.24 Brunic Arenosol Coarse 

(Loamy sand) 0.04 0.81 6.1 16.8 (5.2) 0.20 0.05 7.0 11.6 

BFI-1 
Savanna 

woodland 
Transition Zone 

0.30 Haplic Alisol Coarse 
(Sandy loam) 0.11 0.72 7.0 26.5 (5.4) 0.70 0.13 16.1 23.3 

BFI-2 
Savanna 

woodland 
Transition Zone 

0.60 Brunic Arenosol Coarse 
(Sandy loam) 0.09 0.71 5.3 12.2 (5.7) 0.67 0.12 15.4 22.8 

BFI-3 
Semideciduous 

dry forest 
Transition Zone 

0.72 Haplic Nitosol 
Medium 

(Sandy clay 
loam) 

0.2 0.61 5.7 38.0 (5.3) 1.40 0.19 22.4 41.8 

BFI-4 
Semideciduous 

dry forest 
Transition Zone 

0.80 Haplic Nitosol Medium 
(Sandy Loam) 0.05 0.65 6.7 31.8 (8.8) 1.42 0.24 14.7 30.7 

KOG-1 
Savanna 

woodland 
Transition Zone 

0.42 Haplic Arenosol Coarse 
(Loamy sand) 0.03 0.77 5.3 9.1 (6.3) 0.24 0.04 2.8 4.2 

ASU-1 Semideciduous 
dry forest 0.50 Endofluvic 

Cambisol 
Medium 
(Loam) 0.17 0.43 4.9 29.9 (8.8) 1.31 0.15 18.2 27.0 

All soil related values are based on the 0.0 - 0.30 m interval, except for BDA-3 which had a 0.19 m average maximum depth. For the regional classification of vegetation and 729 
calculation of canopy covers the reader is referred to Domingues et al, (2010). Numbers in brackets within the ECEC column are standard deviations from the mean (n=5). 730 
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Table 2: Relative abundance of main minerals present in the soil (<2 mm) 
extracted from x-ray diffraction (XRD) analysis for the different sites across 
the transect. Absolute differences in Fe and Al contents (mg g-1) between x-ray 
fluorescence (XRF) and (XRD) analyses are also shown to assess the presence 
of amorphous or poorly crystalline mineral phases and test the accuracy of the 
XRD-rietveld-determined elemental contents. 

Site Quartz 
SiO2 

Kaolinite 
Al2Si2O5(OH)4 

Hematite 
Fe2O3 

Goethite 
FeO(OH) 

K-Feldspar 
KAlSi3O8 

 Absolute difference 
between XRF-XRD 

(mg g-1) 
 Fe  Al 

HOM-1 0.94 0.04 0.01 0.00 0.01  0.0  0.2 
HOM-2 0.95 0.04 0.00 0.00 0.01  4.9  -0.3 
BBI-1 0.65 0.28 0.01 0.00 0.04  16.8  -11.6 
BBI-2 0.72 0.23 0.01 0.00 0.04  15.4  3.0 
BDA-1 0.74 0.18 0.02 0.02 0.03  17.5  -1.4 
BDA-2 0.85 0.1 0.01 0.03 0.01  19.6  2.4 
BDA-3 0.79 0.15 0.02 0.02 0.01  38.5  -3.2 
MLE-1 0.94 0.05 0.00 0.00 0.01  7.0  0.2 
BFI-1 0.87 0.11 0.02 0.00 0.00  2.1  0.3 
BFI-2 0.87 0.11 0.02 0.00 0.00  1.4  -0.2 
BFI-3 0.76 0.21 0.03 0.00 0.00  1.4  -2.1 
BFI-4 0.85 0.13 0.02 0.00 0.00  0.7  3.5 

KOG-1 0.97 0.02 0.00 0.00 0.01  2.8  -0.9 
ASU-1 0.84 0.12 0.01 0.00 0.02  11.2  -1.1 

Other minerals present in rather small concentrations include those bearing Ti, Ca, and Na (i.e. 
rutile, plagioclase, etc) which are not shown here. Amorphous minerals not detected by XRD 
are also not shown. Mineral contents determined by the XRD-rietveld approach was converted 
to elemental composition (i.e. Fe and Al) using factors derived from the ideal chemical 
formulae of minerals shown above. 
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Table 3: Regression values for the functions predicting TSOC using Water availability 
index-W* (mm a-1, x), and sand and clay content (kg kg-1, y) respectively at two different 
depths. 

 

Depth  0.30 m  1.00 m 
Sand  n=13 r2 0.84 P <0.0001  n=12 r2 0.86 P <0.0001   
f = yo+a*x+b*y  yo a b  yo a b 
Coefficient  16.063 0.010 -27.056  57.918 0.019 -72.901 
St Error coeff  6.410 0.002 5.703  16.694 0.006 14.281 
t  2.506 4.721 -4.744  3.469 3.273 -5.105 
P value  0.031 0.001 0.001  0.007 0.010 0.001 
         

Clay  n=13 r2 0.70 P=0.0025  n=12 r2 0.63 P=0.0114   
f = yo+a*x+b*y  yo a b  yo a b 
Coefficient  -8.971 0.012 45.779  -12.679 0.0268 65.417 
St Error coeff  7.008 0.003 17.363  19.278 0.009 36.807 
t  -1.280 3.920 2.637  -0.658 3.026 1.777 
P value  0.229 0.003 0.025  0.527 0.014 0.109 
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Figure 1. (a) Regional distribution of vegetation and (b) mean annual precipitation in 

West Africa. Vegetation zones adapted from White (1983). Climatic data sourced from 

the Climate Research Unit (CRU) - University of East Anglia, Norwich (UK). 

Figure 2. Soil bulk density (kg m-3) ordered by decreasing latitude. T and G represent 

‘Tree’ and ‘Grass’ locations respectively. Error bars are standard deviations of the means. 

Asterisk denotes BDA-3 for which the average soil depth was only 0.19 m. 

Figure 3. Relationship between SBD and SOC content for (a) 0.05 m, and (b) 0.30 m 

intervals. Closed and open circles correspond to sites with medium and coarse soil 

textural classes respectively, classified according to the FAO textural classes shown in 

Table 1. Each measured SBD is the mean of 5 measurements per sampling location. Error 

bars are standard deviations of the means. Regressions are significant at P < 0.05 level. 

Analyses of Covariance (ANCOVA) were performed at each depth interval to test for 

significant different differences between regressions (in both cases, P < 0.05). BDA-3 is 

not included in the regression for 0.3 m as its average soil depth was only 0.19 m. 

Figure 4. Soil carbon stocks at contrasting locations (Mg C ha-1) ordered by decreasing 

latitude. Stippled columns correspond to sampling conducted in clumps of trees. Asterisk 

at BDA-3 denotes that soil sampling was limited to 0.19 m only. 

Figure 5. Predicted and measured SOC stocks (Mg C ha-1) at 0-0.3 m (n=13) and 0-1.0 m 

(n=12) across the latitudinal transect. 

Figure 6. Relative contribution of Resistant SOC (RSOC) to Total SOC (TSOC) pool. 
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Supplementary Information 1: SOC densities (mg C g-1 soil) for the 
0.0-0.05 and 0.0-0.30 m depth intervals at two sampling locations 
across the transect. 

Site Latitude 
(N) 

Longitude 
(W) 

 
n 0.05 m  n 0.30 m 

 Tree Grass  Tree Grass 
HOM-1 15.344 1.468  5 3.34 1.50  5 1.98 1.21 
HOM-2 15.335 1.547  5 6.40 2.19  5 3.03 1.27 
BBI-1 12.731 1.165  5 10.91 7.79  5 8.40 5.91 
BBI-2 12.733 1.163  5 11.03 7.83  5 6.56 6.02 
BDA-1 10.940 3.149  5 15.28 13.52  5 12.40 10.96 
BDA-2 10.940 3.154  5 8.89 7.61  5 6.16 5.78 
BDA-3 10.865 3.073  5 10.98 11.41  5 6.74* 9.06* 
MLE-1 9.304 1.858  5 8.57 5.73  5 5.40 3.81 
BFI-1 7.714 1.694  5 24.42 20.63  5 11.35 9.94 
BFI-2 7.715 1.692  5 30.85 18.48  5 11.69 9.66 
BFI-3 7.705 1.696  5 41.57 27.56  5 18.05 18.34 
BFI-4 7.708 1.698  5 32.73 39.15  5 17.45 15.59 

KOG-1 7.302 1.180  5 17.90 10.08  5 6.48 4.48 
ASU-1 7.137 2.447  5 54.71 42.78  5 15.61 15.28 
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Supplementary Information 2: SOC stocks (Mg C ha-1) for the different soil depths across the transect. 

Site 
 

n 0.05 m  n 0.30 m  n 0.50 m  n 1.00 m  n 1.50 m  n 2.00 m 
Tree Grass  Tree Grass     

HOM-1  5 2.14 1.19  5 6.47 4.35  5 7.63 (0.22)  5 11.64 (0.60)  5 15.81 (0.60)  5 18.73 (0.59) 
HOM-2  5 3.78 1.49  5 10.82 4.64  5 9.99 (0.23)  5 14.61 (2.32)  5 19.01 (0.70)  5 22.19 (0.70) 
BBI-1  5 6.82 5.14  5 26.71 21.10  5 35.31 (4.37)  4 56.86 (2.12)  3 70.01 (4.50)    
BBI-2  5 6.78 5.09  5 22.82 20.78  5 33.63 (1.41)          
BDA-1  5 9.09 7.98  5 34.96 31.56  5 50.07 (3.76)  5 71.92 (5.61)  5 89.68 (5.44)    
BDA-2  5 5.07 4.53  5 22.53 22.01  5 36.67 (4.43)  5 71.85 (19.10)       
BDA-3  5 4.67 5.48  5 15.27* 16.44*             
MLE-1  5 4.29 3.29  5 17.32 12.81  5 21.62 (1.32)  5 34.93 (1.57)  5 44.56 (0.91)  4 52.20 (2.09) 
BFI-1  5 7.81 7.32  5 26.23 25.65  5 35.95 (0.93)  4 61.28 (2.15)  4 84.80 (5.90)  1 101.71 
BFI-2  5 8.02 5.27  5 29.12 23.18  5 40.03 (3.02)  4 74.20 (5.69)  4 98.21 (5.99)  4 119.04 (5.32) 
BFI-3  5 12.26 9.37  5 38.44 31.35  1 54.31  1 87.96  1 111.73  1 126.06 
BFI-4  5 11.29 14.09  5 39.79 31.34  1 52.39  1 77.59  1 96.96  1 113.21 

KOG-1  5 7.52 4.08  5 20.01 13.44  5 23.41 (4.30)  5 33.60 (5.45)  5 45.06 (7.05)  1 60.46 
ASU-1  5 14.22 11.98  5 39.81 39.43  5 58.52 (12.65)  3 80.77 (25.61)  2 86.02 (0.62)    

Numbers in brackets are standard deviations from the mean. In the case of 0.05 and 0.30 m intervals values were calculated from pooling five individual samples 
in both sampling locations (T-G). They are reported here as they are likely to cover a representative range of SOC stocks at each site. Asterisks in BDA-3 0.30 m 
sample denote a 0.19 m average sampling depth. 
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Supplementary Information 3: Proportion of soil mass (w/w) attributed to the fraction >2 
mm separated in gravel and roots, over the whole bulk soil for the 0.0-0.05 and 0.0-0.30 m 
depth intervals. Relative differences in SOC stocks (%) are calculated using whole soil 
samples compared to the classical approach that makes use of the < 2 mm fraction only. 
Results are shown for calculations made using gravel alone and gravel and roots fractions 
combined. 

Site 

 
0.05 m 

 
0.30 m 

(w/w)  Relative difference 
in SOC stocks (%) (w/w)  Relative difference 

in SOC stocks (%) 

n Gravel Roots  Gravel Gravel & 
Roots  Gravel Roots  Gravel Gravel & 

Roots 
HOM-1 5 0.000 0.003  -0.3 0.0  0.000 0.001  -0.1 -0.1 
HOM-2 5 0.000 0.003  -0.3 -0.1  0.000 0.001  -0.1 -0.1 
BBI-1 5 0.006 0.000  -0.7 -0.6  0.014 0.003  -1.8 -1.3 
BBI-2 5 0.083 0.002  -9.0 -7.9  0.099 0.002  -10.7 -9.0 
BDA-1 5 0.003 0.001  -0.4 -0.4  0.019 0.001  -2.1 -2.0 
BDA-2 5 0.020 0.020  -4.2 0.8  0.105 0.004  -11.6 -7.5 
BDA-3 5 0.173 0.002  -20.4 -18.0  0.167 0.001  -19.0 -17.9 
MLE-1 5 0.006 0.003  -1.0 -0.7  0.027 0.002  -3.0 -2.3 
BFI-1 5 0.002 0.006  -0.8 -0.7  0.004 0.003  -0.7 -0.6 
BFI-2 5 0.000 0.002  -0.2 -0.2  0.000 0.008  -0.8 -0.5 
BFI-3 5 0.003 0.017  -2.0 -1.4  0.001 0.006  -0.7 -0.6 
BFI-4 5 0.003 0.005  -0.8 -0.8  0.006 0.003  -0.9 -0.9 

KOG-1 5 0.000 0.003  -0.3 -0.3  0.000 0.002  -0.2 -0.2 
ASU-1 5 0.041 0.013  -5.7 -4.9  0.082 0.004  -9.3 -8.0 

Gravel fraction is estimated to have a bulk density of 1.65 kg m-3 and contain an average of 2.5 mg C g-1 soil. 
Roots are estimated to have a bulk density of 0.5 kg m-3 and contain an average of 450 mg C g-1 root. We note 
that the amount of carbon contained in very stable aggregates > 2 mm might be quite variable and caution should 
be exercised in soils likely to contain significant amounts of sesquioxides such as those occurring in BBI and 
BDA sites. Therefore the differences presented for those sites should be considered as preliminary only. 
 


