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Abstract 32 

Carbon exchange associated with accelerated erosion following land cover change is an important 33 

component of the global C cycle. In current assessments, however, this component is not accounted 34 

for. Here, we integrated the effects of accelerated C erosion across point, hillslope and catchment 35 

scale for the 780 km² Dijle river catchment over the period 4000BC-2000AD to demonstrate that 36 

accelerated erosion results in a net C sink. We found this long-term C sink to be equivalent to 43% of 37 

the eroded C and has offset 39% (17 – 66%) of the C emissions due to anthropogenic land cover 38 

change since the advent of agriculture. Nevertheless, the erosion-induced C sink strength is limited 39 

by a significant loss of buried C in terrestrial depositional stores, which lagged the burial. The time 40 

lag between burial and subsequent loss at this study site implies that the C buried in eroded 41 

terrestrial deposits during agricultural expansion of the last 150 years cannot be assumed to be inert 42 

to further destabilization, and indeed could become a significant C source. Our analysis exemplifies 43 

that accounting for the non-steady-state C dynamics in geomorphic active systems is pertinent to 44 

understand both past and future anthropogenic global change. 45 

 46 

 47 

  48 



\body 49 

Introduction 50 

Carbon emissions resulting from anthropogenic land cover change (ALCC) have drastically altered 51 

the global C cycle (1). It is estimated that ALCC released 156 Pg C to the atmosphere in the period 52 

1850-2000, equivalent to 57% of fossil fuel emissions (2). More recently, longer-term analyses of 53 

ALCC have highlighted the importance of past changes (3), with estimates of pre-industrial Holocene 54 

C emissions ranging between 50 and 357 Pg C (4, 5). Current global vegetation models are capable of 55 

representing the direct effect of ALCC on the exchange of C between the atmosphere, vegetation 56 

and soils. This includes a reduction in vegetation and changes in soil C due to increased rates of 57 

decomposition (e.g. because of tillage) and overall lower C inputs to soils. In contrast, ALCC-caused C 58 

exchange associated with the exposure of soil and C due to accelerated erosion and burial is not 59 

accounted for. However, the transition from native vegetation to row crop agriculture  and erosion 60 

are tightly coupled: accelerated erosion and deposition of soil are inevitable consequences of 61 

agriculture because of the removal of vegetative cover and increased exposure of the soil surface to 62 

erosion (6). A significant portion of the earth surface has now been converted to agricultural land 63 

use and this has accelerated erosion 10- to 100-fold (7, 8). Although recent studies have increased 64 

our understanding of the short-term response of soil C cycling to this acceleration of erosion rates 65 

(9-11), the significance of this disturbance for past and future longer-term C budgets has not been 66 

quantified (12). It is well established that C stability increases and hence C decomposability 67 

decreases with soil depth (13). Hence, the erosion-induced accumulation of subsoil materials with 68 

stabilized C into the top layer, and the burial of topsoil C containing more labile C, will affect C 69 

turnover (14, 15). 70 

Soil erosion and C emissions are intimately connected because the formation of organo-mineral 71 

complexes is crucial for organic C stabilization; C retained by association with mineral surfaces has 72 

relatively longer turnover times and accounts for a large portion of the total soil organic C (16). 73 

Furthermore, mineral surfaces may quickly reach their capacity to sequester C in the upper, and 74 



biologically active, layer of the earth’s surface where C from plants, especially plant roots, mixes with 75 

mineral surfaces (16, 17). In contrast, many mineral surfaces in the deeper layers of the soil profile 76 

are undersaturated with C because little C input from plants occurs in these deeper layers. Hence, 77 

the deeper soil layers have a larger saturation deficit (17, 18). The process of erosion, however, 78 

advects particles through the soil column and provides mineral surfaces with a large saturation 79 

deficit from the deeper layers of the soil profile to the biologically active layer of the earth’s surface 80 

(19). This implies that eroded soils have a larger saturation deficit and have greater potential for C 81 

uptake than their non-eroding counterparts. Erosion may therefore act as a C sink mechanism (20). 82 

The quantification of the net effect of erosion-induced C fluxes also requires considering the burial 83 

of previously eroded and autochthonous organic C in low mineralization environments (20) and the 84 

chemical and physical breakdown of soil and diminished primary production following soil 85 

degradation (21). 86 

There is now growing awareness that the erosion-induced C flux may be an important factor 87 

determining global and regional net terrestrial ecosystem C balances (22). To date, however, their 88 

significance for both past and present C budgets remains poorly quantified due to uncertainty about 89 

the contribution of biotic versus erosion-induced C fluxes because of their intrinsically different 90 

space and time scales. Carbon erosion research in agro-ecosystems has traditionally focused on 91 

short-term processes, i.e. single events to a few decades (23, 24) and longer-term observations of C 92 

and sediment dynamics are therefore rare (23). Likewise, C cycling is typically studied at the profile-93 

scale while erosion processes operate over various spatial scales. 94 

Soil and sedimentary records have been used to reconstruct past sediment fluxes, and sediment 95 

budgets spanning the entire period of agriculture have recently been made for some catchments 96 

(26). However, few studies have evaluated accelerated C erosion through the geomorphic cascade 97 

from source to sink at longer timescales. Nevertheless, there is potential to reconstruct C cycling 98 

responses to erosion from signatures in soils and colluvial and alluvial sediment (28). Here, we 99 



examined the effect ALCC on changes in terrestrial C storage for the period of agriculture (4000BC – 100 

2000AD) in the Dijle River catchment. We consider the direct effect of ALCC on C storage, through 101 

the reductions in vegetation cover and soil C that accompany ALCC-disturbance, but more 102 

importantly, we focus on the indirect effects through the exposure of soil C to accelerated erosion 103 

and burial. Hence, we present a long-term budget for sediment and C for this large coupled upland-104 

floodplain system by including erosion, transport and burial processes. Including these processes 105 

allows us to fully account for (i) the history of sediment and C erosion since the start of agriculture, 106 

(ii) changes in organic C stabilization due to erosion and subsoil exposure in eroding uplands and (iii) 107 

changes in C stabilization due to subsequent burial in colluvial and floodplain sediments in response 108 

to ALCC.  109 

 110 

Results  111 

Direct effect of ALCC on C storage 112 

The Dijle is a 782 km2 catchment located between 20 and 175 m above sea level in central Belgium 113 

(Fig. 1). It is homogenous with respect to soils and loess-derived Luvisols cover more than 90% of the 114 

catchment. Deciduous forests covered the catchment during the first half of the Holocene and the 115 

first agricultural crops appeared between 4000 - 5000 BP (27). From the Roman period onwards, the 116 

human influence on the landscape became significant (Fig. 2). Cropland agriculture peaked in the 117 

middle-ages and agricultural use of the land remains widespread until today. It is well documented 118 

that this transition from natural vegetation to agricultural use, causes a significant release of CO2 to 119 

the atmosphere from vegetation and soils (5). Using a bookkeeping model (See Materials and 120 

Methods), we estimate that this transition from forest to cropland and grassland covering 72% of the 121 

Dijle catchment, resulted in a total net release of 7.8 Mt C from a reduction in vegetation and 2.2 Mt 122 

C from soils. The C release from soils is through a reduction in C inputs and higher rates of 123 



decomposition. Most of the total net release occurred before 1300 AD: for the period 4000 BC – 0 124 

AD, the estimated net release was 5.0 Mt C while additionally 4.6 Mt C was released in the early 125 

middle-ages (i.e. 0 – 1300 AD). However, this analysis only considers the direct effect of ALCC on C 126 

fluxes and does not account for accelerated rates of soil and C erosion upon ALCC. 127 

ALCC and accelerated erosion 128 

The sediment budget for the Dijle catchment used in this study is compiled from published estimates 129 

(27). Due to the strong cohesion of the loamy soils that cover the Dijle catchment, water erosion is 130 

by far the dominant process and wind erosion is negligible (27). Age-depth curves were constructed 131 

for 15 sites in the Dijle catchment and the uncertainties on the cumulative sediment mass for a given 132 

age are below 20% (Fig. 2). Hence, they can be reliably used to provide robust estimates of the mass 133 

of sediment eroded, deposited and exported from the catchment associated with ALCC for the 134 

period 8000 BC - 2000 AD. We found that the majority of soil material has been mobilized over the 135 

last few thousand years, i.e. after the introduction of agriculture. The average pre-agricultural 136 

erosion rate is relatively low and equals 8 mm ka-1 when averaged over the entire catchment. After 137 

4000 BC, the average erosion rate increases ten-fold to 112 mm ka-1 and equals 400 mm ka-1 for the 138 

last 1000 years.  Massive input of eroded soil material, following deforestation of the catchment, 139 

changed the floodplain from a swampy environment to a meandering river with overbank deposits. 140 

More than half of the total accelerated erosion took place during the last 1000 years and almost 141 

two-thirds of colluvial deposits were formed in this period (Fig. 2). The median age of colluvial 142 

deposits is approximately 600 years. Floodplain sediments are on average older (~950 years) 143 

because only 55% of the floodplain sediments has been deposited during the last 1000 years. 144 

Cumulative accelerated erosion amounted to 711 (± 36) Mt in 2000 AD of which 46 (± 10)% has been 145 

re-deposited as colluvium on the slopes and another 35 (± 10)% within the floodplain as alluvium. 146 

Only 19 (± 6) % of the eroded sediments have been exported from the Dijle catchment.  147 

Accelerated erosion and C dynamics 148 



Accelerated erosion removes C from the topsoil and exposes C depleted subsoil material. This 149 

reduces the C source term over time because there is less C to decompose at the eroded sites. 150 

Although erosion may reduce biomass production, plant production provides a continuous input of C 151 

into these C depleted soils and this contributes to a net C uptake and an overall C sink at the scale of 152 

eroding uplands (20). For 25 soil profiles along 4 toposequences in the Dijle catchment we quantified 153 

the relationship between C removed by erosion and C replaced by plant production and stabilized 154 

into soils since the start of agriculture. We derived quantitative estimates of this relationship for a 155 

range of scenarios (See Materials and methods) using (i) observations of soil profile truncation as a 156 

measure of cumulative erosion since the start of agriculture and (ii) by establishing the difference 157 

between soil C inventories for a range of erosional perturbations and soil C inventories of reference 158 

sites experiencing similar land use change trajectories but no erosion or deposition (i.e. space for 159 

time substitution) (24). A Monte-Carlo analysis suggests that this method provides robust estimates 160 

of the ratio between C removed by erosion and C replaced with an average standard deviation of 161 

13% (See SI Text). The current mean C stock for the top 1m of eroded profiles that we examined was 162 

5.15 (± 0.89) kg C m-2 (Table S2). This is 15% lower, but not significantly different (p > 0.10), than the 163 

C inventories of non-eroding profiles (6.07 (± 0.65) kg C m-2). The cumulative C erosion since the start 164 

of agriculture is much greater than the current stocks and ranges between 10.4 and 44.5 kg C m-2. 165 

This corresponds, on average, to 371% of the C originally present in the 0- to 100-cm profile. The 166 

eroded C and current stocks thus largely exceed the original C through both exposure of deeper soil 167 

C and continuous stabilization of C in the upper soil layers via new plant C inputs. The incorporation 168 

of subsoil C into the soil profile, which represents a non-atmospheric transport pathway that was 169 

explicitly accounted for in our calculations, plays a minor role. In contrast, we found that 71% (56-170 

80%) of the eroded C is replaced via new plant C inputs. This confirms earlier studies, which found 171 

that erosion-induced subsoil exposure leads to C stabilization and acts as a sink for atmospheric CO2 172 

at the catchment scale (29). Despite a large variability in erosional forcing and the history of the 173 

eroding profiles we examined, the observed range of the ratio between C erosion and C replacement 174 



was very small (average relative standard deviation of 12.3%). This small range indicates that C 175 

erosion is the dominant factor controlling C uptake. Hence, this ratio can be used, in combination 176 

with estimates of C erosion, to predict the temporal evolution of the erosion-induced C sink-strength 177 

at sites of erosion in the Dijle catchment (see below).  178 

Burial in colluvial profiles 179 

Although erosion can thus promote an increased stabilization of C in former subsoil, the net effect of 180 

erosion ultimately depends on the preservation of the C that is moved laterally by erosion. The 181 

eroded C can be buried in colluvial or floodplain deposits or can be exported from the catchment 182 

through river export. Colluvial soils are sites of deposition where, due to the continuous burial of 183 

former topsoil material, deep soils enriched in C develop (9). Colluvial soils can therefore be 184 

interpreted as chronosequences where young deposits are found at shallow depth and sediment age 185 

increases with depth. Carbon burial in colluvial soils removes C from the actively cycling C pools in 186 

the surface layers to the subsoil where less C inputs are available and where it continuous to be 187 

exposed to microbial decomposition, albeit at a slower rate (29). In the four toposequences 188 

examined here, we found that the colluvial soils store significantly more C (p < 0.001) than non-189 

eroding soils. However, C concentrations decrease consistently with depth (Fig. S2). The C%-depth 190 

observations from the soil database (n=309) provide a more representative sample of colluvial soils 191 

in the Dijle catchment and corroborate this observation. Using the age-depth relation for colluvial 192 

soils in the Dijle catchment and assuming a constant content of the initial deposited C, we found a 193 

strong effect of age on colluvial C retention; with young deposits having similar C contents as 194 

topsoils and longer burial time accounting for a greater fraction of destabilized C. This age effect 195 

could be described by an exponential decay function (Fig. S3) whereby the catchment-averaged loss 196 

rate of buried C in colluvial soils is 0.2% per year. The validity of the loss rate estimation is heavily 197 

dependent on the reliability of the depth-age curve and the assumption that the deposited C has 198 

remained constant over time. The depth-age curve is particularly poorly constrained for the last 199 



1000 years when the C content of deposited soil may have changed in function of management and 200 

erosion status. We diagnosed the structural uncertainty in our estimate of burial efficiency by 201 

examining sensitivity to plausible scenarios for changes in erosion intensity and C content of 202 

deposited C (See SI Text). This analysis shows that the overall result and interpretation are not 203 

strongly affected by these assumptions and that the loss rate is likely to be in the range of 0.1 to 204 

0.3% per year range. Possible mechanisms leading to destabilization of buried C are decomposition 205 

and leaching losses. The rates of C losses in colluvial soils obtained here are greater than the 206 

observed DOC export from the Dijle catchment (See SI Text). This suggests that decomposition and, 207 

hence loss as CO2, is the major pathway of C loss from colluvial soils. 208 

The significant destabilization of C in colluvial soils found here, with a half-life of the buried C of ca. 209 

500 (350-730) years, does not support the findings of earlier studies reporting preservation 210 

efficiencies of 100% for buried C (11, 30). Buried C may be efficiently preserved at annual to decadal 211 

timescales but our results indicate substantial losses of buried C at centennial to millennial 212 

timescales. This suggests that the net C uptake induced by subsoil exposure is, at least partially, 213 

offset by the loss of C buried in colluvial settings. Nonetheless, the thickest and oldest colluvial soils 214 

still store 20% more C than the non-eroding reference profiles. Hence, on upland slopes where 215 

erosion and colluvial deposition occurs, the net exchange with the atmosphere is a long-term sink. 216 

The analysis presented here shows that the age of the deposits is the main control on these losses of 217 

buried C and that the exponential decay function described above can be used to predict the 218 

temporal evolution of C losses in colluvial soils. 219 

Burial in alluvial profiles 220 

At the scale of whole river catchments, the fate of eroded C that is stored in alluvial environments 221 

needs to be considered. In the Dijle catchment, the upper 2-3 m sediment in the floodplain 222 

corresponds to typical overbank deposits resulting from accelerated anthropogenic soil erosion 223 

during the last millennium. Based on the analysis of 133 floodplain samples, we found that the soil 224 



profiles are highly variable in their C content and elemental composition. The surface layers of the 225 

floodplain had higher C values (3.3 %C), relative to the source areas (1.27 %C), because of locally 226 

higher NPP and wetter conditions. This reflects a C input into the floodplain sediments that is not 227 

only derived from deposition of laterally transported eroded C but also from in situ produced C. The 228 

average C content of the floodplain sediments associated with accelerated erosion, however, is 229 

lower but not significantly different from the upland surface soils (1.13% vs. 1.27%). This suggests 230 

that there is no measurable net release or sequestration of C from floodplain sediments that are 231 

derived from accelerated erosion. However, it might be that a fraction of the transported and buried 232 

C is mineralized in an amount that is compensated for by the enrichment of the floodplain sediments 233 

with autochthonous C (22). In contrast to colluvial soils, no significant net release and age effect was 234 

thus observed and the floodplain soils in the Dijle catchment can therefore be considered to 235 

efficiently sequester C at timescales of several millennia.  236 

Carbon budget across spatial and temporal scales 237 

On the basis of the above analysis, the key controls on the temporal evolution of the sink/source 238 

magnitude were identified as (i) the rate of C erosion, (ii) the proportion of C buried in 239 

colluvial/alluvial depositional environments, and (iii) the age of the colluvial deposits. These have 240 

been constrained by the analysis of the temporal and spatial patterns of sediment fluxes. Averaged 241 

over the Dijle catchment, we estimated that accelerated erosion since the start of agriculture has 242 

laterally removed 9.1 Mt C, an amount equivalent to 92% of the soil C stock that was present before 243 

the start of agriculture in the upper 1 m of the soil profile (Fig. 3) (See SI Text for uncertainty 244 

estimation). The replacement of eroded C resulted in a net uptake of 6.5 (4.2 – 8.3) Mt C, relative to 245 

non-eroding conditions and, hence, represents a net sink of atmospheric CO2 at the scale of the 246 

eroding hillslopes. The eroded C, on the other hand, resulted in the burial of 1.8 Mt C and 3.0 Mt C in 247 

colluvial and alluvial deposits, respectively. However, we estimated that c. 55% of the laterally 248 

derived C buried in colluvial soils was lost and limited the sink strength at the scale of the whole 249 



catchment. When the erosion-induced C uptake in uplands, burial and preservation of 250 

autochthonous C in floodplains and mineralization in depositional stores and their uncertainties are 251 

considered, accelerated erosion resulted in a net sink of 3.9 (1.7 – 6.6) Mt C. This sink term is much 252 

larger than the 1.7 (1.5 - 2.1) Mt C that has been exported from the catchment and suggests that 253 

accelerated erosion induces a sink, irrespective of the fate of the exported C. In accordance with the 254 

timing of accelerated erosion, 60% of the sink occurred during the last 1000 years (Fig. 2).  255 

Discussion 256 

Previous analysis of the influence of accelerated erosion on soil-atmosphere C fluxes, typically 257 

covering short time scales and single components of the geomorphic cascade, have resulted in 258 

opposed estimates of a global net source of 0.37 to 1 Pg C year−1 versus a net sink of 0.56 to 1 Pg C 259 

year−1 (11, 21-22). The analysis presented here for the Dijle catchment is a first assessment, which 260 

integrates the effect of accelerated C erosion for the period of agriculture and therefore balances all 261 

changes in component fluxes over space and time. Our results provide strong support for an erosion-262 

induced sink in the long-term although the sink strength is partially offset by the net losses in 263 

colluvial environments. 264 

Most studies of C emissions resulting from ALCC only consider the direct effect, i.e. changes in 265 

vegetation and soil disturbance that lead to lower inputs into the soil, reduce vegetation cover and 266 

increase rates of soil decomposition (3-5). Here, we also accounted for the indirect effects of ALCC 267 

through accelerated C erosion and burial. The combination of increased stabilization of C in soils 268 

exposed at the surface of eroded hillslopes with the burial of eroded C in low mineralization 269 

contexts, resulted in a net C sink. For the Dijle catchment, we estimate that the direct effect of ALCC 270 

was a release of 2.2 Mt C from soils to the atmosphere since the start of agriculture. Based on our 271 

sediment and C budget calculations, this emission has been entirely offset by the C sink induced by 272 

accelerated erosion. When both direct emissions (i.e. non-erosion related) from soils and vegetation 273 

are considered, we estimate that ALCC has released 10 Mt C since the start of agriculture. This flux is 274 



in the same order of magnitude, but opposite in sign, than the net uptake of 3.9 Mt C associated 275 

with accelerated erosion. Accelerated erosion and burial in the catchment has thus resulted in net C 276 

sink into soils, thereby offsetting 39% (17 – 66%) of the direct C emissions as a result of ALCC.  277 

For the Dijle catchment, information on accelerated erosion was essential for the understanding of 278 

the longer term C budget. At present, a temporally and geographically resolved global assessment of 279 

sinks and sources is hardly quantifiable for lack of reliable data and poor description of soil processes 280 

in current earth system models (4). The analysis presented here was based on high-resolution data 281 

from a 780 km² catchment in north-western Europe. When corrected for catchment area, however, 282 

the floodplain sediment storage of the Dijle catchment falls within the variation reported for the 283 

much larger Rhine catchment and the observed temporal patterns of sediment deposition are in 284 

accordance with findings elsewhere in regions that have a long history of agricultural land use (28). 285 

The analysis presented here is based on data from soils derived from sedimentary substrates where 286 

there has been a continuous supply of fine-textured subsoil which may be less sensitive to yield 287 

decline than shallow soils overlying bedrock materials. Although recent studies have shown that 288 

accelerated erosion may also promote net C sequestration in shallow soils (11), erosion-induced 289 

yield decline should be considered in regions of the world where long-term land degradation is 290 

observed (4). 291 

At present, the direct contribution of ALCC is considered as an important component of 292 

anthropogenic climate change (1-5). Here, we suggest that not accounting for ALCC-induced C 293 

erosion and burial, particularly in regions where the erosional C flux is large relative to the soil C 294 

stock, significantly increases uncertainties of not only past, but also current and future 295 

anthropogenic emissions of CO2. By exposing subsoil to fresh organic material and burial of C in 296 

depositional settings, accelerated erosion has substantially increased the throughput of soil C. 297 

Hence, accounting for the non-steady-state C dynamics in geomorphically active systems is of 298 

utmost importance to fully understand both the historical and current exchange of C between land 299 



and atmosphere. Burial of C in depositional environments has been shown to substantially reduce 300 

decomposition at a timescale of years to decades (11, 30, 31) and buried C is, therefore, typically 301 

assumed to be protected from further decomposition. Our analysis, however, shows that this 302 

assumption is no longer valid when considering longer timescales and the observed net loss in 303 

depositional environments actually limits the magnitude of the C sink. We suggest that in 304 

depositional environments, under the absence of continued plant inputs at depth, decomposition is 305 

slowed down, but not completely halted. The observed loss of buried C here is consistent with 306 

recent studies suggesting that depositional profiles may have high fractions of their C stocks in active 307 

forms (32). We observed that ca. 50% of buried C in colluvial stores was destabilized after 500 yrs 308 

and C losses therefore lag C burial. Hence, the C budget is inherently historical and there is a 309 

commitment to future climate due to both present and past ALCC and associated erosion and burial. 310 

This has potential implications for the contemporary C budget: most of the global agricultural 311 

development took place after 1850 with highest rates of expansion between 1850 and 1950 312 

followed by a sharp drop (2). Much of the world’s cropland is therefore substantially younger than 313 

the cropland of the Dijle catchment. In addition to potential increases in decomposition rates of 314 

buried C as a result of global warming, desiccation of saturated soils, land use change and re-315 

excavation by gullying, the time-lag in buried C losses implies that this large store of recently buried 316 

C cannot be assumed to be inert to further loss, and indeed could become a significant C source. The 317 

terrestrial C exchange may therefore be influenced by the legacy of this buried C. However, regional 318 

differences in rate and intensity of erosion disturbance are likely to be large and the effect of 319 

accelerated erosion on the C budget is therefore heterogeneous within the landscape and variable 320 

across various timescales. An important step in the quantification of the role of C erosion in the 321 

global C budget will require consideration for the relative contribution of colluvial C deposition vs 322 

deposition in the aquatic system (e.g. floodplains, reservoirs, lakes). 323 

 Based on our analysis of the Dijle catchment, we conclude that (i) accelerated C erosion has a 324 

significant impact on both the past and present C cycle which resulted in a significant downward 325 



revision of ALCC-related CO2 emissions and (ii) the dynamic phase of buried C in terrestrial 326 

depositional stores substantially limits the erosion-induced C sink strength at centennial timescales. 327 

This highlights the need to consider past C erosion fluxes to understand the contemporary budget 328 

and the need for soil erosion control and land restoration. 329 

 330 

Materials & Methods 331 

 332 

ALCC and C release. Estimates of land cover and land cover change for the Dijle catchment are 333 

derived from published reconstructions (See SI Text). We used equilibrium C stocks (Ceq,luc, 106 g ha-1) 334 

for different land use classes (luc) in central Belgium to define the direct effect of ALCC on changes in 335 

C in vegetation and soils. The total C stock for period t (Ct, 106 g) is calculated as �� = ∑ (���,	
� ∗	
�336 

	
�) where Aluc is the area for land use class luc (ha). Carbon emissions and gains during period t 337 

and t-1 are then calculated as Ct-Ct-1. The data used for Ceq are derived from published estimates 338 

(Table S1). 339 

ALCC and accelerated soil erosion/deposition. The sediment budget for the Dijle catchment is 340 

compiled from published data (25). The sediment budget includes soil erosion and colluvial 341 

deposition on hillslopes and in dry valleys and alluvial deposition in floodplains. The computed 342 

difference between soil erosion and sediment deposition is then attributed to fluvial sediment 343 

export. Hillslope erosion and deposition was quantified based on an analysis of 809 augerings, 344 

whereas floodplain sediment deposition is based on 197 augerings spread over 24 cross sections 345 

(25). A detailed database on sediment ages was used to construct cumulative sediment mass curves 346 

through time with a temporal resolution of 1000 years. Floodplain deposition was dated at 12 sites 347 

using 62 radiocarbon dates and 11 Optical Stimulated Luminescence dates, while colluvial deposition 348 

was dated at three sites using 32 radiocarbon and 12 OSL dates. For each of the dated sites, an age-349 

depth curve was created, and from these curves (25) the age-depth relation was determined for 350 

each 1000 year interval. An average catchment wide age depth curve was produced as the median 351 

value of these 1000 year interval points. In this study, we only consider the human impact on 352 

erosion and burial and natural background rates were subtracted from the gross erosion and 353 

sedimentation rates (See SI Text). 354 

Derivation of erosion-induced C exchange for the toposequences. We analysed 273 samples from 355 

25 profiles for C, bulk density and cumulative soil redistribution (CSR) since the start of cultivation 356 

from four toposequences covering (i) non-eroding profiles, (ii) eroding profiles on the slopes (iii) and 357 

depositional profiles in colluvium (Fig 1 and Fig S1). Samples were taken in 0.1 m intervals for a total 358 

sampling depth of 1m for the plateau and eroding profiles while sampling depth for the depositional 359 

profiles covered the whole colluvium. C was analyzed using an elemental analyzer (VarioMax 360 

Elementar GmbH, Germany). Samples containing inorganic C were treated using acid fumigation 361 

prior to CN analysis in order to remove inorganic C. Estimates of CSR were derived using the soil 362 

profile truncation method (27). The method for the retrospective assessment of erosion-induced C 363 

exchange was taken from (22). The change in C stock for a soil profile, down to a depth of 1 m, 364 

undergoing erosion or deposition is given by the following mass balance: ΔC = Cdep – Cero + Csub + Catm 365 

where Cero is the C loss by erosion; Cdep is the C gain by deposition, Csub is the amount of subsoil C 366 



incorporated into (positive value) or exported from (negative value) the 1m profile in the case of 367 

erosion and burial, respectively and Catm is the residual amount of C required to balance the C 368 

budget. This residual is then attributed to the difference between mineralization and sequestration 369 

processes induced by erosion whereby positive residuals are indicative of a net C sink, while a net 370 

source is indicated by negative residuals. The method is then based on the quantification of ΔC, 371 

Cdep/ero and Csub. An estimate for these variables are derived from C inventories and depth 372 

distributions of reference sites experiencing similar land use change trajectories but no erosion or 373 

deposition (i.e. space for time substitution) (See SI Text for a detailed discussion on the estimation 374 

procedure and uncertainty on the sink-source estimates). 375 

Data from the Belgian soil database and floodplain soils From the soil database (5), we selected 379 376 

luvisol profiles in the Dijle catchment. For these profiles, C depth profiles (up to 7 depth intervals 377 

between 0 and 1.5 m) and detailed soil profile descriptions were available. From these, we selected 378 

the profiles that were under cropland (63% of the dataset) and grouped the data in colluvial vs non-379 

colluvial profiles. Depositional profiles in upland colluvia were selected based on their attributes (i.e. 380 

well-drained profiles without profile development). We extended this database by including the 14 381 

C% observations from the colluvial soils of the 4 toposequences. This resulted in 700 and 309 depth-382 

C% observations for non-colluvial and colluvial soils. Only a very limited number of soil profiles in 383 

floodplains are described in the soil database and these do not cover the depth at which sediment 384 

associated with accelerated erosion are found. Therefore, 133 samples were taken at five different 385 

locations in the floodplain that are representative for the variability in floodplain sediment 386 

stratigraphy within the Dijle catchment (Fig 1). Samples were taken at various depths (0-9 m) 387 

spanning the entire range of Holocene alluvial deposits. C and N contents were determined using the 388 

same methods as described above. 389 

C budget calculations and uncertainty estimation We used the time differentiated sediment budget 390 

and the relationships between accelerated erosion and C storage described in the main text to 391 

estimate human impacts on C erosion, burial and export (See SI Text for a detailed description of the 392 

implementation and assessment of uncertainties).  393 
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Figure Legends 475 

Figure 1: Shaded relief map of the Dijle catchment, showing the fluvial network (blue line). The 476 

symbols indicate the location of the hillslope, colluvium and floodplain C profiles and the location of 477 

the 4 study sites where toposequences were studied. 478 

Figure 2: (A) Evolution of land use in the Dijle catchment between 4000 BC (i.e. the start of 479 

agriculture) and 2000 AD. (B) age and average relative accumulated sediment for colluvial and 480 

floodplain sediment deposition. The line represents the average value and the error bars indicate 481 

the standard deviation (for the 12 floodplain sites) or range (for the 3 colluvial sites). (C) 482 

Reconstructed sediment budget related to accelerated erosion including sediment mobilization on 483 

the hillslopes (erosion), deposition on slopes and in dry valleys (colluvium) and floodplains, and 484 

export from the Dijle catchment for the period of agriculture. (D) Estimated cumulative emission of C 485 

resulting from the direct effect of ALCC (Net Soil + Vegetation), i.e. the C release due to a reduction 486 

in vegetation (Vegetation) and soil C losses due to reduced C inputs and increased soil disturbance 487 

(Soil). (E) Estimated cumulative emission (positive values, to atmosphere) and uptake (negative 488 

values, to soils) resulting from the indirect effect of ALCC through accelerated erosion and burial of 489 

soil C. The combination of increased stabilization of C in the soils exposed at the surface of eroded 490 

hillslopes (Erosion C uptake) with the slower release from buried sediments in colluvium floodplain 491 

soils, resulted in net erosion-induced C sink (Net Erosion). (F) Net release of C due to ALCC when 492 

both direct losses from soil and vegetation and erosion-induced C uptake are accounted for. The 493 

triangles indicate the best estimate of erosion-induced C uptake while the error bars indicate the 494 

uncertainty range and are derived from a low and high scenario (see SI). 495 

Figure 3: Net exchange of C (in Tg C) between the soil and atmosphere as a result of accelerated 496 

erosion integrated for the period 4000BC-2000AD for the Dijle catchment. Boxes represent 497 

reservoirs, black arrows represent lateral C fluxes, dark grey arrows represent mineralization of 498 

buried C in depositional environments, and light grey arrows represent soil C inputs. The land use 499 

change flux is the direct (non-erosion-related) effect of ALCC on soil C storage. The soil is thus both a 500 

source and a sink, where the sink term>source term. The soil C stock is the estimated initial C stock 501 

for the upper 1m of the profile before the start of agriculture (4000 BC). (*)The possible mechanisms 502 

leading to destabilization of buried C are decomposition, i.e. a CO2 flux towards the atmosphere, and 503 

leaching losses. 504 
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