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Chapter 6 Synthesis 

This final chapter aims to highlight and synthesize the most important research results 
presented in this dissertation. This work focused on impacts of soil redistribution including 
soil erosion, transport and deposition on the movement and fate of soil organic carbon (SOC) 
in loess soils, which are particularly susceptible to erosion. Therefore, the main objective of 
the present study was to (i) discuss possible mechanisms controlling stabilization and 
destabilization of SOC from topsoils and subsoils in the coupled eroding and depositional 
environments, e.g. physical protection of SOC within aggregates and interaction of SOC with 
the soil mineral matrix (Chapter 2 and 3); (ii) to improve our quantitative process 
understanding of how water erosion affects the transport and fate of SOC (Chapter 4); (iii) to 
estimate C mineralization from different forms of the eroded C, i.e. solid SOC and dissolved 
organic C (DOC), transported from soils into aquatic environments during erosion (Chapter 
5).   

 

6.1 Mechanisms controlling stabilization of SOC in the context of 
erosion and deposition 

I have investigated possible factors regulating SOC stabilization in the context of soil erosion 
and deposition. In order to investigate possible mechanisms controlling stabilization of SOC 
in sloping sites, loess soils were chosen and collected from eroding and depositional sites of 
the Belgian Loess Belt. Results showed that SOC concentrations in 0–200 cm soil profiles 
were significantly higher at the depositional site than at the eroding site (Chapter 2). The 
largest difference in SOC concentration between two contrasting sites has been observed in 
45–70 cm depth. Several reasons might be responsible for this large C enrichment at 
depositional sites, which are discussed in detail below: 

 

Decreased SOC mineralization after deposition 

Decreased SOC mineralization after deposition was proposed as one of the main reasons for 
SOC accumulation at the depositional site. To investigate SOC mineralization from the 
eroding and depositional environments, soil samples from topsoils (5–10 cm) and subsoils 
(45–70 and 160–200 cm) were collected and incubated in the laboratory. The results clearly 
showed that SOC mineralization was smaller at the depositional site than that at the eroding 
site (Chapter 2). Soil erosion was able to preferentially transport SOC rich materials from the 
upslope-eroding site and deposited the eroded and transported C at the downslope site. The 
observed decreased mineralization after deposition should be the result of efficient C 
stabilization because of the presumably labile character of C released from the disruption of 
aggregates during erosion and transport, and selective accumulation of more stable C (Chapter 
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3, 4). Deposition of this eroded SOC is often accompanied by increased macro-aggregation 
resulting in physical protection of SOC within macro-aggregates (> 2 mm; Chapter 3). 
Furthermore, the higher water contents facilitate chemical interactions of SOC with the 
mineral phase after burial, which also contributes to SOC stabilization (Chapter 3).  

 

Physical protection of SOC within aggregates 

Soil aggregation plays a key role in governing SOC dynamics (Denef et al., 2001b; Six et al., 
2000b). My results showed that soil erosion led to the breakdown of macro-aggregates into 
micro-aggregates, mineral soil particles and organic particles (Chapter 4; (Gregorich et al., 
1998; Lal, 2003). The disruption of aggregates exposed the previously encapsulated SOC to 
the decomposing microbial community and its enzymes (Denef et al., 2002; Six et al., 2002). 
At depositional positions soil macro-aggregation provided a potential physical protection of 
the eroded SOC (Berhe et al., 2012; Six et al., 2002; Sollins et al., 1996). The already large 
contribution of macro-aggregates to SOC at the eroding site (more than 67%) further 
increased after erosion, transport and deposition to more than 88% at the depositional site. 
Thus, deposition of eroded soil led to the formation of new macro-aggregates and changed the 
aggregate size distribution within soils. Soil aggregation often resulted in physical protection 
of C against rapid microbial decomposition (Kleber, 2010; Six et al., 2002; Sollins et al., 
1996) through sorption to clay minerals (Vanveen and Kuikman, 1990) and encapsulation 
within soil aggregates (Razafimbelo et al., 2008). The occluded light fraction (i.e. the fraction 
protected by aggregation) contained 1.8 to 4.1 times more carbon at the depositional site than 
at the eroding site and this C enrichment after deposition increased with depth (Chapter 3). 
The increased physical protection of SOC within aggregates might partly contribute to carbon 
stabilization at depositional sites. However, (macro-) aggregation alone was not sufficient to 
fully explain SOC stabilization after deposition. 

 

Interaction of SOC with soil minerals 

The interaction of C with soil minerals appears to be a major mechanism for long-term SOC 
stabilization (Kiem and Kögel-Knabner, 2002; von Lützow et al., 2007). Binding of SOC to 
mineral surfaces could provide resistance to chemical and biological oxidation (Mikutta and 
Kaiser, 2011). Mineral-associated organic C (MOC) was the dominant density fraction at 
eroding and depositional sites (Chapter 3). It was 1.2 to 3.3 times enriched in C at the 
depositional site in comparison to the eroding site, and exhibited an increasing larger 
proportion of SOC with depth (Chapter 3). I propose that the occlusion of C inside of (macro-
) aggregates serves as a pathway for the eroded C to be later stabilized by organo-mineral 
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interaction (see Chapter 3 for detailed discussion). The eroded SOC comes into contact with 
mineral surfaces enabling sorptive protection. The abiotic conditions at the depositional site, 
characterized by higher moisture content and higher contents of pedogenic oxides, were 
favorable for these organo-mineral interactions. This stabilization may also explain the 
smaller C mineralization rates between 45 to 70 cm depth at the depositional site despite a 
larger microbial biomass than at the eroding site.  

 

Chemical composition of SOC – use of lignin to trace effects of erosion and 
deposition  

In this thesis, lignin contents in bulk soils and density fractions were determined as an 
indicator of the chemical composition of SOC. Total lignin content and lignin oxidation in the 
topsoil did not significantly differ between the eroding and depositional sites (Chapter 3), 
indicating that soil erosion, transport and deposition did not significantly change the chemical 
composition of SOC. This result was unexpected. Lateral SOC redistribution due to soil 
erosion led to the removal of SOC from the upslope position to the more moist and less 
oxygenated depositional environments (Berhe et al., 2012; Juarez et al., 2011). In our soils, 
contents of lignin-derived phenols tended to be lower in the subsoil of the depositional sites, 
which was not the case for the eroding sites. These lower contents of lignin-derived phenols 
were accompanied by less oxidation as indicated by smaller Ac/Al ratiosv and by the 
disappearance of AlS. These two parameters indicate that less lignin in the subsoil of the 
depositional site cannot be related to increased lignin degradation because that would be 
reflected by stronger oxidation (Thevenot et al., 2010).  

On the contrary, the higher oxidation of lignin in the subsoil of the eroding site fits well with 
the higher C mineralization (Chapter 2). Contents of DOC in the subsoil of the eroding site 
were also larger than those at the depositional site. Aggregate disruption and the disturbance 
of the topsoil at the eroding site also promoted the release of soluble compounds, their 
leaching along the profile, and their interaction with the mineral phase.  

The analysis of lignin-derived phenols confirmed the redistribution of topsoil material: The 
C/V and S/V ratios in the first subsoil horizon of the depositional site (45–70 cm) resembled 
those of topsoils and not subsoils.   
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DOC concentration and composition 

Dissolved organic C (DOC) is a readily biodegradable fraction of soil organic matter, which 
can be used to predict C mineralization from soils. Larger DOC contents at the eroding site 
were observed in comparison to the depositional site (Chapter 2). Smaller UV absorbance of 
DOC was observed at the eroding site than at the depositional site. Therefore, organic matter 
from the eroding sites should be better degradable than that from the depositional site because 
aromatic constituents of DOC are particularly stable against biodegradation (Kalbitz et al., 
2003a). Specific UV absorbance, used as a measure of relatively stable aromatic compounds, 
decreased with increasing soil depths. This seems to contradict the reduced SOC 
mineralization with depth as observed at both sites. However, a small UV absorbance also 
indicated a large contribution of microbial-derived compounds to DOC, which might have a 
large stability too (Kalbitz et al., 2003a). In subsoils, the relative contribution of microbial-
derived compounds to SOC was usually larger than in topsoils, which might explain the small 
C mineralization rates with large DOC contents and a low specific UV absorbance. 

 

Effects of availability of substrates on SOC mineralization 

In the incubation experiment readily available organic matter (i.e. glucose) was added to 
identify a possible C limitation at eroding and depositional sites. It was observed that addition 
of glucose stimulated C mineralization (Chapter 2), particularly in the subsoil of the 
depositional site, where DOC contents were small and UV absorbance relatively high. 
Therefore, limited C availability restricted C mineralization in the subsoil at the depositional 
site. Enhanced C mineralization after addition of glucose might reflect shifts in the 
composition of soil microbial community too, which are adapted to a continuous input of 
readily available organic C, as occurs at the depositional site (Paterson et al., 2009; Salome et 
al., 2010). Effects of changes in the composition of the microbial community after burial of 
organic-rich material on long-term SOC stabilization are so far not known and should be a 
topic of future research.  

 

Effects of O2 availability on SOC mineralization 

Three O2 treatments (no O2, 5% and 20%) were used to test the effects of O2 availability on 
SOC mineralization. Topsoil C mineralization was significantly smaller without any O2 in 
comparison to 5 and 20% O2 at both eroding and depositional sites but did not differ between 
5 and 20% O2 (Chapter 2). Obviously, 5% O2 was sufficient for C mineralization in topsoils, 
at least for the duration of the incubation (Salome et al., 2010). In subsoils, O2 availability did 
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not affect C mineralization and thus we can exclude a limited availability of O2 in subsoils as 
an important control of C accumulation after deposition. 

 

Effects of soil microbial biomass on SOC mineralization 

Soil microorganisms play a key role in SOC stabilization. In this thesis soil microbial biomass 
C and N were determined in topsoils and subsoils of the two contrasting sites (Chapter 2). 
Although the microbial biomass was significantly smaller at the eroding site than at the 
depositional site, C mineralization was equal (in the topsoil) or even larger at the eroding site. 
Therefore, metabolic quotients were significantly larger at the eroding site. This could be 
interpreted as a stress reaction but also by a different composition of the microbial community 
(Paterson et al., 2009; Salome et al., 2010). Furthermore, the different response of SOC 
mineralization to the addition of glucose with respect to the two sites (cf. previous section) 
indicated a different composition of the microbial community at eroding and depositional 
sites. 

 

Summary – most important mechanisms of SOC stabilization after 
deposition of eroded SOC 

Our results indicated that interaction of organic C with minerals is the most important 
mechanism regulating stabilization of deposited SOC. Macro-aggregation did not result in a 
direct stabilization of this SOC but it serves as a pathway for the eroded C to be later 
stabilized by organo-mineral interaction. The role of micro-aggregation in SOC stabilization 
at the depositional site is unknown yet and has to be assessed in future studies. Furthermore, 
the availability of C and the composition of the microbial community might also play an 
important role, controlling stabilization of the deposited SOC. 

 

6.2 Effects of soil redistribution on the fate of SOC 

Redistribution of SOC in landscapes is strongly influenced by soil erosion, transport and 
deposition through different ways, e.g., detachment and disruption of aggregates, exposition 
of previously encapsulated SOC to C mineralization, and preferential transport and deposition 
of C enriched soil (Lal, 2003). A quantitative process understanding of the effects of soil 
erosion, transport and deposition on the movement and fate of SOC is essential to link soil 
redistribution and C cycling, and to achieve a more accurate estimation of the impact of soil 
erosion on the (global) C balance. To get insight into these interactions, a pseudo-replicated 
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rainfall-simulation experiment was setup in the laboratory, which allowed us to link soil 
redistribution directly to in situ measured vertical CO2 efflux at different positions along the 
slope. The experimental setup enabled the determination of a complete C balance, including C 
mineralization from the eroded C being potentially transported into the aquatic environment.  

 

Preferential lateral sediment transport and SOC redistribution  

Redistribution of soil and SOC led to increased macro-aggregation and macro-aggregate 
associated C content at the depositional site (Chapter 3). This result could be confirmed by a 
mass balance calculation of the rainfall simulation experiment (Chapter 4). Thus, the rainfall 
simulation experiment confirmed the results obtained from C partitioning in aggregate size 
fractions of eroding and depositional sites sampled in the field (Chapter 3). 

Exported sediments showed higher contents of particulate organic C (POC) indicating that 
soil enriched in C was preferentially eroded and transported. Particulate organic C present in 
soils and formed by disruption of aggregates was preferentially transported by the overland 
flow as indicated by the largest carbon enrichment ratio (CER) of the three fractions in any of 
the sampled soils and sediments. Deposition of the transported C-enriched material led to the 
observed CER of 1.6 of the free POC (fPOC) fraction in the depositional zone (Chapter 4). 
This material is lighter and might be particularly susceptible to erosion. Still, a significant 
portion of the eroded fPOC was not retained in the depositional area. It was washed away by 
the overland flow and left the flume. Organic C released during disruption of aggregates was 
an important source for fPOC being made available for transport and successive deposition. 
This is indicated by a large loss of C occluded in aggregates in the eroding zone and 
simultaneously by an enrichment of C in the fPOC fraction in the other zones of the flume 
and the overland flow. 

Water erosion selectively removed not only POC but also mineral-associated organic C 
(MOC). MOC represented the dominant fraction of SOC (86% to 91% of SOC) in all 
experimental zones of the flume and in the sediment load of overland flow (Chapter 4). High 
C enrichment of MOC in the sediment load of overland flow suggested that water erosion 
separated also mineral soil particles (i.e. MOC) according to their density. This fractionation 
resulted in the preferential erosion and transport of C enriched MOC. This preferential erosion 
of C enriched soil resulted in relatively small C depletion of MOC from surface soil in the 
eroding zone (CER of 0.9) and contributed to larger enrichment in the sediment load of 
overland flow with CER of 1.6 to 2.2. However, the C enrichment of MOC was smaller than 
that of fPOC and oPOC reflecting the order in density of these fractions. 
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Relationship between erosion rate and carbon enrichment  

In this thesis I found an inverse, non-linear relationship between erosion rates as determined 
by suspended solid concentration in the overland flow and C enrichment of the sediments 
(Chapter 4). This inverse and non-linear relationship was the result of increasing sediment 
concentration in the overland flow during each single event and from the first to the fourth 
rainfall event. Possible reasons could be attributed to (i) the breakdown of macro-aggregates 
into micro-aggregates or finer materials by the raindrops leading to the preferential erosion of 
fPOC (Berhe et al., 2012; Ghadiri and Rose, 1993; Gregorich et al., 1998); (ii) compaction, 
welding and crust formation due to heavy rainfall, resulting in reduced infiltration and 
increased erosion and suspended solid concentration over time (Jacinthe et al., 2002); (iii) the 
preferential removal of C enriched soil resulting in C enriched sediments particularly at the 
beginning of the experiment when the erosion rate was still small. After removal of this C 
enriched soil, the erosion rate increased because of decreasing infiltration and an increased 
generation of overland flow.  

Decreasing C enrichment with large erosion rates indicated that an increasing erosion rate 
does not result in proportionally increasing C losses. Nevertheless, very strong erosion events 
will translocate large amounts of C. This C might be better protected against further 
mineralization after deposition because C is mostly deposited as mineral associated C. The 
carbon loading of mineral surfaces should be low as well, resulting in a more efficient 
stabilization against microbial decay (Le Bissonnais and Singer, 1992; Pronk et al., 2012; van 
Hemelryck et al., 2011). In addition, long-term erosion-induced C sequestration or depletion 
might depend on the precipitation frequency and intensity because heavy erosive precipitation 
events do not always occur.  

 

Total C budget as affected by soil erosion, transport and deposition  

In this thesis I have investigated the interaction between soil redistribution and C cycling 
using a laboratory rainfall-simulation approach, which allowed me to quantify different SOC 
fluxes under the influence of soil erosion, transport and deposition, including vertical CO2 
efflux, lateral C fluxes and mineralization of eroded SOC being potentially transported into 
the aquatic environment (Figure 6.1). Overall soil erosion increased CO2 efflux from the 
entire experimental system with a net erosion-induced CO2 loss of 48 g C m-2 yr-1. This net 
CO2 emission was calculated as the difference between the average cumulative CO2 emission 
at the different positions of the flume and the control. The results showed that CO2 emission 
was the dominant form of erosion-induced C losses, representing about 90% of the total C 
loss. This erosion-induced C loss derived mainly from the enhancement of CO2 effluxes in 
the transport and depositional areas.  
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Transport of topsoil and associated C influenced SOC decomposition rates (i.e. CO2 effluxes) 
at the different landform positions. Large CO2 emissions from the depositional zone were 
anticipated because of the deposition of labile C (e.g. fPOC) and its use as a substrate for 
microbial respiration. Additionally, this labile C might have stimulated the turnover of the 
‘former’ C in the depositional zone (i.e. positive priming effects; Fontaine et al., 2007; 
Salome et al., 2010). The small cumulative CO2 emission from the eroding zone should be the 
result of preferential removal of C enriched materials, which was either deposited or left the 
gutter. Furthermore more labile C (e.g. fPOC and oPOC) was preferentially removed by 
overland flow, leaving behind less C, which was even more stable. The cumulative CO2 
emission was significantly and positively related to POC illustrating the more labile character 
of this SOC fraction. The preferential transport of POC and the large mechanical stress 
probably explained that the transport zone had the largest cumulative CO2 emissions. The 
largest CO2 efflux was accompanied by largest DOC concentration in the transport zone. 
However, DOC dynamics were not sufficient to explain the observed CO2 effluxes. This 
might suggest a fast turnover of DOC or/and a direct use of POC by the microbial community 
particularly in the transport zone.  

During the entire experimental period, the averaged SOC fluxes leaving the flume with the 
overland flow were 18 times larger than DOC fluxes, inclusive of lateral fluxes by through 
flow (Figure 6.1). Fluxes of DOC were rather low, also due to a decreasing DOC 
concentration during the experiment. Fluxes of sediment associated C were equivalent to 
8.9% of the erosion-induced C loss while DOC fluxes were equivalent to 0.5% of those C 
losses. Therefore, sediment associated C played a much larger role than DOC in the erosion-
induced linking of terrestrial and aquatic ecosystems. 

 

 

Figure 6.1 Soil organic carbon (SOC) fluxes (g m-2 yr-1) as affected by soil erosion and deposition. 
Dissolved organic carbon (DOC). Modified from figure 4.7 (Chapter 4) 
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During water erosion, parts of eroded carbon rich materials are not retained in the soil and 
could be potentially exported into water. So far, the question to what extent this exported C 
could be mineralized in aquatic ecosystems remains unanswered. Therefore, runoff and DOC 
samples were collected and then incubated. The result showed that after erosion a significant 
portion (3.9–4.8%) of SOC was mineralized, while being transported in water, and that solid 
SOC was the main source of this CO2. The rather high mineralization of runoff C in 
comparison to soil C (Chapter 2) indicated a preferential removal of labile C from soils and its 
translocation into aquatic environments. It is an additional source of atmospheric CO2 and a 
source of carbon and nutrients for the aquatic food web. However, the majority of SOC 
delivered by the overland flow will remain in aquatic ecosystems as a potential C sink. Thus, 
the mineralization from different forms of eroded C translocated into aquatic environments 
should not be neglected in the (global) C cycle.  

The solid fraction of runoff tended to be more stable than DOC. Whereas the base level of C 
mineralization from translocated C was derived from the solid phase, the variability depended 
largely on DOC (Chapter 5). The different mineralization rates of solid SOC and DOC 
emphasize the necessity to distinguish these two C sources in aquatic environments in 
studying the erosion-induced linkage between terrestrial and aquatic ecosystems. 

 

6.3 Conclusions and future research 

Impacts of soil redistribution on SOC cycling in loess soils were studied in this thesis. Soil 
erosion affects SOC stabilization in different ways depending on depth (topsoils vs. subsoils) 
and site (eroding sites vs. depositional sites). Interaction between soil redistribution and 
associated SOC were regulated by a complex interplay of several mechanisms, e.g. decreased 
mineralization of deposited C, increased aggregation and interactions of deposited C with soil 
minerals in the depositional environment. In subsoil horizons, stabilization of deposited 
organic C was more important for accumulated C than the translocation of C enriched soil. 
Furthermore, aggregation was hypothesized to provide a pathway for the formation of 
mineral-associated SOC at the depositional environment.  

This research also provided new data to increase the process understanding of SOC dynamics 
as affected by soil erosion in response to global change, e.g. heavy precipitation. Overall soil 
erosion substantially affected the C balance. Water erosion led to disruption of soil aggregates 
and exposure of previously protected C at the eroding site thereby accelerating the 
redistribution of C in different fractions along the slope. However, a large portion of the 
preferentially eroded and transported C will be deposited at downslope positions and 
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subsequently stabilized against microbial decay. A considerable portion of this C enriched 
soil was translocated by overland flow into the aquatic environment. Mineral-associated 
organic C (MOC) was the predominant form of C in sediments of the overland flow.  

As the frequency of heavy rainfall events is predicted to increase, more sediment could 
potentially be redistributed. However, this does not mean that more C will be lost because C 
stabilization will be affected as well. Carbon enrichment of exported sediments is one of the 
pivotal factors governing erosion-induced C loss. The preferential redistribution of C rich 
soils resulted in erosion induced net CO2 effluxes. Erosion-induced CO2 emission was the 
dominant form of C losses, representing about 90.5% of erosion-induced C losses. Sediment 
associated C was the main form of erosion-induced lateral C loss. This exported C, i.e. in 
forms of sediment associated C and DOC, plays an important role in linking the C cycle of 
terrestrial and aquatic ecosystems. 

This research has answered a number of questions about the movement and fate of SOC and 
possible mechanisms regulating SOC stabilization in the context of soil erosion and 
deposition. New insights were added to the current understanding of the impacts of soil 
redistribution on soil C dynamics. However, this research has also raised additional questions 
stimulating further research on this topic. The first question that arose is related to the 
alteration of soil microorganisms both in magnitude and structure as affected by soil erosion. 
The behavior of the soil microbial community is critical for C mineralization / stabilization. 
How does soil erosion affect the soil microbial community and how does a changed microbial 
community affect SOC stabilization both in topsoils and subsoils of the eroding and 
depositional environment? Further investigation is needed to determine the role of soil 
microorganisms for aggregation and the linkage between aggregation and the formation of 
mineral-associated SOC. Another topic of further research might be the role of micro-
aggregation as a possible link between macro-aggregation and the formation of mineral-
associated SOC. I also found a rather surprising phenomenon of increased micro-aggregation 
at eroding sites, which could not be explained, and the role of micro-aggregation for SOC 
stabilization after deposition warrants further studies.  

In this thesis I determined the C budget of a loess soil affected by soil erosion using a 
replicated laboratory rainfall-simulation experiment. This laboratory approach simplified the 
impacts of soil erosion on C dynamics without considering the input of C into the 
experimental system by growing plants. Therefore, the impact of the dynamic replacement of 
carbon at eroding sites on the C budget of soil erosion could not be determined and has to be 
considered in follow-up studies. Field approaches combined with laboratory experiments and 
modeling are necessary for further improvements and upscaling of our understanding of the 
role of soil erosion in the global C cycle.  
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