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Abstract: The dynamics of biophysical regulations of carbon fluxes can have a major effect 

on an ecosystems carbon budget. Only a handful of comprehensive assessments of such 

dynamics exist. To better understand the carbon cycle we measured all major carbon flux by 

biophysical regulations including rainfall, runoff, infiltration and sediment yield at eight 

runoff plots in an eroding soil landscape on the Chinese Loess Plateau; a typical vegetation 

restoration area for the region. Results show that topsoil carbon flux by infiltration into deep 

soil layers was the largest efflux from topsoil in plots with vegetation, followed by runoff and 

sediment carbon effluxes. On the contrary, the carbon flux by sediment was the largest efflux 

from topsoil in plot without vegetation, followed by infiltration and runoff carbon effluxes. 

Total topsoil carbon flux by biophysical regulations to the deep layer is about 71 ±10 % of the 

typical carbon sequestration rate in the region. Topsoil carbon sequestration capacity might be 

underestimated by up to 43 ±3 % if the infiltrated carbon was not factored into estimates. The 

results of this study improve understanding of soil carbon dynamics and expand the dynamic 

carbon replacement hypothesis; photosynthesis replaces not only lateral carbon lost by 

erosion but also vertical carbon lost by infiltration. 

Keywords: carbon flux by biophysical regulation, dynamic carbon replacement, carbon 

sequestration, vegetation restoration, water-driven erosion 
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1. Introduction  

Soil carbon (SC) plays an important role in the global carbon cycle; most of the world’s 

carbon is stored in the soil (Chappell et al., 2015; Lal, 2003). Carbon movement induced by 

rainfall storms can have an extensive effect on the carbon budget of terrestrial ecosystems 

(Lal, 2003; Lal & Pimentel, 2008; Liu et al., 2003; Young et al., 2014; Yue et al., 2016). Soil 

erosion destroys the physical protection of carbon in soil aggregates and accelerates 

decomposition, which impacts SC stocks and alters CO2 fluxes exchanged with the 

atmosphere through mineralization of soil organic matter to CO2 (Zhang et al., 2015). Soil 

seals caused by the breakage of aggregates during erosion also affect infiltration process and 

the associated vertical carbon flux by infiltration (Li et al., 2015; Rieckh et al., 2014). These 

carbon fluxes by biophysical regulations, which can be bound with moving sediments 

(sediment-bound carbon (SBC)) or in the form of dissolved carbon (DC) (Nie et al., 2014), 

are mainly driven by corresponding hydrological fluxes during rainfall storms (Li et al., 

2016).  

Carbon fluxes are influenced by numerous factors, such as surface runoff, sediment 

transport, infiltration leaching (Boix-Fayos et al., 2015; Ma et al., 2014; Schreiber, 1999), 

topography and physical and chemical properties of soil (Clark et al., 2004; Zhang et al., 

2013), ratios of C:N in soil (Aitkenhead-Peterson et al., 2007; Alvarez-Cobelas et al., 2012), 
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rainstorm characteristics (e.g., rainfall intensity, rainfall amount and storm duration) (Nie et 

al., 2016; Polyakov & Lal, 2004), vegetation cover and land use changes (Bouchoms et al., 

2017; Hu et al., 2018; Jacinthe et al., 2004). In an eroding soil landscape, most of the SC is 

lost through physical removal by water during rainfall storms (Nie et al., 2014). Leaching of 

DC by infiltration to subsoil layers resulting from water-driven erosion also leads to vertical 

carbon loss from topsoil (Ma et al., 2014). The soil aggregate is an important factor affecting 

SC stocks, which is sensitive to land use management and soil erosion (Razafimbelo et al., 

2008). Vegetation restoration increases soil aggregate stability and cohesion, changes 

physical and chemical properties of soil, reduces sediment and surface runoff and increases 

infiltration into subsoil layers (Elena et al., 2017; Pohl et al., 2012). In addition, SC loss 

increases with rainfall intensity (Alvarez-Cobelas et al., 2012).  

Knowledge of the distribution, quantity, and dynamics of biophysical regulations of 

carbon fluxes during rainfall storms is important for both improving model-based projections 

of the carbon cycle and understanding the role of carbon fluxes by biophysical regulations in 

SC pools dynamics. Lateral and vertical carbon fluxes have been studied extensively 

(Doetterl et al., 2016; Rieckh et al., 2014; Yue et al., 2016). But few previous studies have 

examined both lateral and vertical carbon flux. Different sizes of runoff plots have been used 

to observe lateral carbon fluxes (Martinez-Mena et al., 2008; Schiettecatte et al., 2008a; 

Schiettecatte et al., 2008b) and vertical carbon fluxes released to the atmosphere during soil 

erosion process (Bremenfeld et al., 2013; Hemelryck et al., 2010; Wang et al., 2014). A 

number of studies have quantified the amount of SC exported during rainfall storms 
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(Müller-Nedebock & Chaplot, 2015; Quinton et al., 2006; Wang et al., 2017). A few studies 

have also reported on the links between soil erosion and DC fluxes (Kindler et al., 2011). In 

addition, the role of vertical DC flux has been reported as a carbon output for topsoil layers 

and a carbon input for deeper soil layers (Ma et al., 2014; Rumpel & Kogel-Knabner, 2011). 

However, most data on vertical DC fluxes were collected in places with limited erosion (Brye 

et al., 2001; Rieckh et al., 2014). The literature is still unclear on how to distinguish between 

lateral (DC flux in surface runoff) and vertical (DC flux in infiltration) DC flux (Doetterl et 

al., 2016). Vertical DC flux has not been observed or included when calculating the carbon 

sequestration capacity in most previous studies (Deng et al., 2017; Deng et al., 2014b; Lal, 

2004). 

The topsoil layer is easily affected by environmental factors and water-driven erosion 

(Gauder et al., 2016), with topsoil carbon fluxes by biophysical regulations  being mainly 

induced by rainfall storms. Few studies have accounted for the quantity of all the major 

topsoil carbon fluxes by biophysical regulations induced by rainfall storms in eroding soil 

landscapes. The purpose of to the research presented in this paper is to develop a better 

understanding of the impacts of different vegetation restoration conditions on topsoil carbon 

fluxes by biophysical regulations and to investigate the quantitative relationships between 

carbon fluxes and influencing factors. Our research questions are: (1) explore the quantitative 

relationship of the topsoil carbon fluxes and biophysical regulations in an eroding soil 

landscape; and (2) understanding the role of topsoil carbon fluxes by biophysical regulations 

in SC pools dynamics.  
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2. Material and methods 

2.1. Study area  

Data was collected from the Yangjuangou catchment, which is located in Yan’an city of 

Shaanxi province, China. The longitude is 36°42′N and latitude is 109°31′E. The area 

of the catchment is 2.02 km
2
. Slope gradients in the catchment range from 10° to 30° and its 

elevation ranges from 1050 to 1298 m a.s.l.. Soil properties are listed in Table S1. The soil is 

derived mainly from loess, which has a deep depth about 50 - 200 m. The soil type is Calcaric 

Cambisol with a uniform texture and weak structure (Li et al., 2003). The gully density of the 

catchment is 2.74 km km
-2

. This hill-and-gully landscape is typical on the Loess Plateau. In 

the past the area was heavily eroded but now it is a typical vegetation restoration area, with 

restoration carried out under the Grain for-Green Project in 1999 (Fu et al., 2017). 

The growing season for most of the deciduous plants in the region is from May to 

September. The mean annual air temperature is 9.8±0.8 °C. The mean annual precipitation is 

531.0 mm and the average precipitation during the growing season is 422  mm (Jiao et al., 

2016). The main land use types are forest, grassland and shrubland.  

2.2. Measurement of soil erosion and carbon flux 

Eight runoff plots were setup on the hill-slopes that had vegetation cover (Figure 1) of” 

Robinia pseudoacacia (A1, 2×10 m); Prunus armeniaca L (A2, 2×10 m); Spiraea salicifolia 

(S1, 2×10 m); Hippophae rhamnoides (S2, 2×10 m); a Stipa bungeana community (H1, 3×10 

m); a mixed herbaceous (Stipa bungeana, Liquorice, Lespedeza , Salsola collina et.al.) 
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community (H2, 3×10 m); an Artemisia scoparia community (H3, 3×10 m); and a bare soil 

(CK, 3×10 m). The vegetation community characteristics in each plot are listed in Table S1. 

All the plots had similar slope gradients of about 20
o
. Each runoff plot was surrounded by 

polyvinyl chloride (PVC) boards. The boards embedded into the soil (500 mm deep) were 

used to separate the sediment yield and surface runoff in and out of the plots. At the bottom 

edge of each runoff plot, a U shape PVC runoff gathering pit was installed to transfer the 

surface runoff to a collecting tank.  

In total, nine rainfall events were recorded at our field sites between July and October 

2016. The rainfall events were numbered from 1 to 9 according to the corresponding 

sampling dates from start (July 15
th

) to end (October 8
th

). The rainfall characteristics of each 

event are listed in Table S1. After each rainfall event, the sediments both in runoff gathering 

pit and collecting tank were collected, dried, and weighed to measure carbon concentration in 

the sediment (TCCS), including organic carbon concentration (OCCS) and inorganic carbon 

concentration (ICCS). These sediment weights were also used to compute the sediment 

concentration in runoff (SC), a key variable in estimating the total soil loss (S) per plot. S was 

calculated as a product of runoff volume (R) and SC. The R from each plot was measured 

after each rainfall event. Runoff into the collecting tanks was collected in 250 mL plastic 

bottles (then stored at 4℃ in a refrigerator) for monitoring the carbon concentration in runoff 

(TCCR), which including dissolved organic carbon concentration (OCCR) and dissolved 

inorganic carbon concentration (ICCR).  

After each rainfall event, a soil water sampler was installed and used for collecting soil 
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infiltration water (I). The Model 1900 Soil Water Sampler (Doetterl et al., 2016; Zhao et al., 

2013) used in the experiment comes fully assembled. This instrument is a large-volume 

sampler designed for near-surface installation at 50 mm depth in the study. Two sets of soil 

water samplers were installed in each plot, one was 2.5 meters from the top edge of the plot 

and one was 7.5 meters from the top edge. The infiltration water samples collected were put 

in plastic bottles (250 mL) and kept in a refrigerator (4℃) for later measuring dissolved 

carbon concentration in infiltration (TCCI), including dissolved organic carbon concentration 

(OCCI) and dissolved inorganic carbon concentration (ICCI). 

One set of simple rain gauge was installed in each of the plots with no rainfall 

interception (H1, H2, H3, and CK). Under the woody vegetation cover, six sets of simple rain 

gauges were installed in each of the plots (A1, A2, S1, S2) for collecting throughfall. After 

each rainfall event, rainfall or throughfall volume (P) was measured and collected in a plastic 

bottle (250 mL) and kept in the refrigerator (4℃ ) for later measuring the carbon 

concentration in rainfall (TCCP), including dissolved organic carbon concentration (OCCP) 

and dissolved inorganic carbon concentration (ICCP) in the laboratory. 

2.3. Laboratory analysis  

Sample pretreatments were conducted at the State Key Laboratory of Urban and 

Regional Ecology, Research Center for Eco-Environmental Sciences, Chinese Academy of 

Sciences. After solid samples had been air-dried in the laboratory and sieved through a 2 mm 

screen.  
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A SHIMADZU-TOC-VCPH (with SSM-5000A solid element) instrument at the Key 

Laboratory of Tibetan Environment Changes and Land Surface Process, Institute of Tibetan 

Plateau Research, Chinese Academy of Sciences in Beijing was used for estimating the TCCS, 

including OCCS and ICCS, in sediments. About 0.2 g soil in each sample was taken and sieved 

through a 0.075 mm screen. The analyses were performed on air-dried sediment samples. The 

output value of the instrument was TC and IC, the OC was equal to the difference of TC and 

IC. 

The TCCP, TCCR and TCCI were estimated using a Vario TOC analyzer (An instrument at 

the Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences in 

Beijing). Filtered samples of 0.45 μm were analyzed immediately after sampling or, in the 

event of a backlog, refrigerated at 4℃ until analysis could proceed. Standard solutions of 0, 

10, 50 and 100 ppm carbon were made, using 0, 1, 5 and 10 ml of stock solution, prepared by 

dissolving 2.125 g of the oven-dried reagent ‘potassium hydrogen phthalate’ (C8H5KO4) in 

1000 ml of distilled water. The output value of the instrument was TC and IC, the OC was 

equal to the difference of TC and IC. 

2.4. Data analyses 

Statistical analysis of data was performed using the software SPSS 21.0 for Windows. 

The mean values of the two replicate samples were used to estimate carbon concentration in 

infiltration water. ANOVA is used to describe the differences of rainfall between plots. T-tests 

at two-tailed are used to describe the differences between carbon fluxes by biophysical 

regulations. Statistical significances of results were evaluated at α=0.05.  
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The topsoil carbon flux by biophysical regulations (TC) induced by rainfall storms, 

including the carbon flux by rainfall (TCP), runoff (TCR), sediment (TCS), and infiltration 

(TCI), was equal to the sum of organic carbon (OC) fluxes and inorganic carbon (IC) fluxes: 

TC= OC+ IC                                                              (1) 

Total topsoil carbon flux by biophysical regulations (STC) during the study period was 

equal to the sum of those fluxes measured in all the rainfall events indicated by the 

subscripts: 

STC=∑ TCi, i=1,2,3,…, 9                                      (2) 

TCP, TCR, TCS and TCI, were calculated as the product of different carbon fluxes and 

carbon concentration of the corresponding carbon fluxes: 

TCP = TCCP × P                                               (3) 

TCR = TCCR × R                                              (4) 

TCS = TCCS × S                                               (5) 

TCI = TCCI × I                                                (6) 

Net topsoil carbon flux by biophysical regulations (NTC) was calculated as the 

difference of TCP minus carbon effluxes (TCE) from topsoil (including TCR,TCS, and TCI): 

NTC =TCP-(TCR+TCS+TCI )                                                  (7) 

Total carbon efflux by biophysical regulations from topsoil (STCE) and total net topsoil 

carbon flux by biophysical regulations (SNTC) were calculated as the sum of those fluxes 
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measured in all the rainfall events indicated by the subscripts: 

                                                     

STCE=∑ TCEi, i=1,2,3,…, 9                                       (8) 

                                              

SNTC =∑ NTCi, i=1,2,3,…, 9                                     (9) 

The data that support the findings of this study are available from the corresponding 

author upon reasonable request. 

3. Results 

3.1. Erosion characteristics 

There were no significant rainfall differences between the plots during the study period 

(p=1>0.05, df=3, F=0.003). Rainfall intensity ranged from 0.9 to 5.5 mm hr
-1

. The total 

rainfall during the observation period was 254.1 mm. The heaviest rainfall (70.1±0.3 mm) 

occurred on 20
th

 July while the lightest (6.6±0.4 mm) occurred on 7
th

 September. The largest 

rainfall intensity occurred on 28
th

 July.  

The runoff, sediment yield, and infiltration characteristics in different plots changed 

greatly for different sampling dates (Figure S1). Most runoff occurred on 13
th

 September but 

most sediment was observed on 17
th

 August. When the rainfall intensity was less than 1.3 mm 

hr
-1

, there was no runoff and sediment occurred. The most infiltration happened on 20
th

 July 

and the least happened on 7
th

 September. 
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The sediment yield and runoff in the plots with vegetation were much less than in the 

plot without vegetation, but the infiltration was more in the plots with vegetation than in the 

plot without vegetation. Data suggests that vegetation cover reduces runoff and sediment 

yield significantly (Figure S1). The function of reducing runoff and sediment yield compared 

to the plot without vegetation was weakest in the S2 plot. The seven plots with vegetation all 

showed that vegetation plays a very important role in decreasing sediment yield - by more 

than 98% on average. 

3.2. Topsoil carbon fluxes by biophysical regulations  

Total topsoil carbon input by rainfall (STCP) was relatively small, with total organic 

carbon input flux by rainfall (SOCP) the predominant form. The SOCPs were positively 

related to rainfall/throughfall (p<0.01) (see Figure 2). Some linear relationships (in Figure 2) 

were evident between SOCPs and rainfall/throughfall amount. The relationships between total 

inorganic carbon flux by rainfall (SICP) and rainfall/throughfall amount were not significant 

(p>0.05) (Figure 2).  

The total organic carbon flux by runoff (SOCR) (0.61±0.31 g m
-2

) was much higher than 

the inorganic carbon flux by runoff (SICR) (0.05±0.04 g m
-2

) (Figure 3). Total carbon flux by 

runoff (STCR) from plot with vegetation (0.55±0.19 g m
-2

) was reduced compared to plot 

without vegetation (1.39 g m
-2

). There were no significant differences (p=0.534>0.05, 

t=0.641, df=12) between total organic carbon flux by sediment (SOCS) (0.21±0.08 g m
-2

) and 

inorganic carbon flux by sediment (SICS) (0.25±0.10 g m
-2

) in plots with vegetation (Figure 

3). The total carbon flux by sediment (STCS) from the CK plot (30.11 g m
-2

) is much more 
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than the other plots with vegetation (0.46±0.18 g m
-2

). The total organic carbon flux by 

infiltration (SOCI) (22.13±2.76 g m
-2

) was much more than inorganic carbon flux by 

infiltration (SICI) (4.59±0.86 g m
-2

) in Figure 3. The differences between plots with 

vegetation and without vegetation were based on vegetation types. The total carbon flux by 

infiltration (STCI) from the plot with woody vegetation (25.17±4.23 g m
-2

) was less than that 

from plot without vegetation (28.45 g m
-2

). However, the STCI from the plot with non-woody 

vegetation (28.23±0.71 g m
-2

) was nearly the same as that from plot without vegetation 

(28.45 g m
-2

). 

In Figure 3, the STCE was mainly in the form of total organic carbon efflux (SOCE) for 

the higher OC concentration compared to IC concentration in DC effluxes (Table S2). The 

STCE from the CK plot (SOCE was 38.56 g m
-2

, total inorganic carbon efflux (SICE) was 

21.39 g m
-2

) was much greater than that from the plots with vegetation (41.3±7.8% more for 

SOCE and 77.4±4.2% more for SICE). The SOCE was 4.8 (±0.7) times more than SICE in 

plots with vegetation. 

The SOCI in plots with woody vegetation (A1, A2, S1, and S2) (20.57±3.34 g m
-2

) was 

less than in plots with non-woody vegetation (H1, H2, and H3) (23.74±0.39 g m
-2

). 

Compared to woody vegetation cover, the non-woody vegetation increased the SOCI. The 

SOCE in plots with woody vegetation (21.31±3.50 g m
-2

) was less than in plots with 

non-woody vegetation (24.44±0.58 g m
-2

) (Figure 3). The differences of SICE between plots 

with woody vegetation (4.90±1.21 g m
-2

) and non-woody vegetation (4.73±0.41 g m
-2

) were 

not significant (p=0.606>0.05, t=0.550, df=5). It meant that the woody vegetation cover 
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played a more important role in reducing SOCE than non-woody vegetation. 

3.3. Partitioning of total topsoil carbon efflux by biophysical regulations 

STCI made up most (96.8±0.9% in SOCE, 93.9±2.9% in SICE) of STCE in plots with 

vegetation (Figure 3). Compared to the ratio (61.0% in SOCE, 22.9% in SICE) in the CK plot, 

we found that vegetation considerably increased the contribution of STCI. Compared to the 

part of the STCS from the CK plot (35.7% in SOCE, 76.4% in SICE), the vegetation greatly 

reduced the contribution of STCS (0.9±0.4% in SOCE and 5.2±2.6% in SICE for plots with 

vegetation). For the ICCS was more than OCCS (Table S2), the percent of SICS was much more 

than that of SOCS. However, the contribution of STCR changed little between plots with 

vegetation (2.3±0.7% in SOCE, 0.8±0.4% in SICE) and without vegetation (3.2% in SOCE, 

0.7% in SICE). 

3.4. Contribution of carbon fluxes by biophysical regulations to carbon sequestration 

rate 

Our results showed that water-driven erosion and infiltration resulted in a net loss of 

carbon from topsoil. SNTC was -25.4 ±3.3 g m
-2

 in plot with vegetation and -57.8 g m
-2

 in 

plot without vegetation. The ratio of total net topsoil carbon flux by biophysical regulations 

compared to soil carbon sequestration rate (SNTC:CSR) is a good indicator to explain the 

importance of carbon flux by biophysical regulations. Using the typical CSR of about 29 gC 

m
-2

 yr
-1

 in the region (Chang et al., 2011; Deng et al., 2014a), the SNTC:CSR ratio was 

estimated to be 0.71 ±0.10 on average for the seven plots with vegetation. The ratio of 
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SNTC:CSR was smallest (0.54) in S1 plot and highest (0.79) in H2 plot among the seven 

plots. Although the TCI is a net loss of carbon from the topsoil layer, this might not be 

reflected at the terrestrial ecosystem level as it enters deeper layers. The STCI was estimated 

to be 76 ±10 % of the CSR in this region. 

4. Discussion 

4.1. Carbon flux by infiltration is important in ecological restoration area  

Two main factors determine the TCI: infiltration flux (I) and carbon concentration (TCCI). 

In the CK and non-woody vegetation plots, there was effectively no rainfall interception. 

Although the infiltration increased for the non-woody vegetation cover, the differences of 

infiltration between CK plot and non-woody vegetation plot (Figure S1) was minimal. The 

infiltration in plots with woody vegetation was less than that in the CK plot. The TCCI 

differences between plots with and without vegetation were not significant (p>0.05).  

The differences between plots with and without vegetation showed that vegetation cover 

increases the contribution of STCI in STCE (Figure 3). The main reason for the increment of 

contribution of STCI was the reduction of STCS. STCS was reduced much in plots with 

vegetation compared to plots without vegetation (Figure 3). The decrement was associated 

closely with the sediment yield during water-driven erosion. Sediment yield was reduced for 

the vegetation restoration (Fu et al., 2017; Li et al., 2015; Puigdefábregas, 2005). The STCS 

also decreased; an expected result given the positive relationship between TCS and sediment 

yield (Boix-Fayos et al., 2015; Li et al., 2016; Müller-Nedebock & Chaplot, 2015; Nie et al., 



 

 

 

This article is protected by copyright. All rights reserved. 

2014). 

TCI was the most important TCE in the restored areas (Figure 3). This is in contrast with 

previous studies (Lowrance & Williams, 1988; Nie et al., 2014) that suggested 

sediment-bound carbon flux was mainly topsoil carbon efflux resulting from biophysical 

regulations. The differences we observed were likely caused by the experimental setting. 

Lowrance et al. (1988) did not observe the same degree of TCI. In fact, there a few studies 

elaborate DC fluxes by soil erosion (Doetterl et al., 2016). DC effluxes from topsoil 

(including TCR and TCI) will be more and more important in ecological restoration area. For 

example, since the end of 1970s, the ‘‘Grain for Green Project’’ on the Loess Plateau has 

played an important role in reducing soil erosion by increasing vegetation cover (Fu et al., 

2017; Zhang et al., 2014). Under the ‘‘Grain for Green Project’’, vegetation coverage on the 

Loess Plateau increased from 50% to nearly 60% (Fu et al., 2017). An average decrease of 

10.3 mm yr
-1

 across the whole Loess Plateau between 2002 and 2008 was observed by Feng 

et al.(2012). The average annual sediment yield also decreased from 7,576 t km
-2

 yr
-1

 (during 

1955–1969) to 975 t km
-2

 yr
-1

 (during 2000–2009); a reduction of 87% (Xin et al., 2012). 

TCR and TCS were reduced with runoff and sediment yield in consequence. The division of 

TCE seems to have changed as a result of vegetation restoration. DC efflux has been the 

largest carbon efflux by biophysical regulations on the Loess Plateau.  

4.2. A potential underestimated carbon sequestration capacity in restored areas 

STCI contributed to about 96% of STCE (Figure 3). This result fits well with previous 

studies that observed TCI (Rumpel & Kogel-Knabner, 2011). In reality, TCI is not easily 
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observable (Doetterl et al., 2016; Lal, 2003; Yue et al., 2016). In addition, CSR are typically 

estimated by measuring changes in the carbon storage of topsoil layers (Deng et al., 2017; 

Wang et al., 2011). Most previous estimates of CSR at the ecosystem level might have been 

underestimated because these measurements have been estimated using measurements of 

carbon storage change in the topsoil layer without considering carbon flux by biophysical 

regulations in other soil layers, particularly carbon percolation (Figure 4A).  

The fate of percolated carbon is not certain. The percolated carbon may be drained out by 

base flow or decompose by mineralization. It can also be stay in the deeper soil layers 

according to previous studies (Ma et al., 2014; Rumpel & Kogel-Knabner, 2011). If 

percolated carbon is not included in SC estimation methods, total ecosystem carbon 

sequestration may be underestimated. The actual carbon sequestration rate (CSRa) should be 

equal to the sum of known CSR and TCI, if the dynamic replacement hypothesis of carbon in 

the topsoil layer (Stallard, 1998; Harden et al., 1999) holds and the percolated carbon is 

protected from decomposition in the deep layers (Figure 4B). The estimated CSRa (48.0 gC 

m
-2

 yr
-1

 in A1 plot, 52.3 gC m
-2

 yr
-1

 in A2 plot, 45.6 gC m
-2

 yr
-1

 in S1 plot, 52.3 gC m
-2

 yr
-1

 in 

S2 plot, 52.4 gC m
-2

 yr
-1

 in H1 plot, 53.2 gC m
-2

 yr
-1

 in H2 plot, and 52.7 gC m
-2

 yr
-1

 in H3 

plot) was 50.9 ±2.9 gC m
-2

 yr
-1

. This means that the previous CSR might have been 

underestimated by as large as 43±3%. Carbon flux by biophysical regulations is likely to play 

an important role in affecting the carbon dynamics in topsoil layers as well as in deep layers.  

4.3. The expansion of the dynamic carbon replacement hypothesis  

Although the SNTCs were a net carbon source in the topsoil layers, the lost carbon from 
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topsoil layers will be replaced by sequestering new carbon from the atmosphere (mainly by 

production of new photosynthate) at the eroding sites (i.e., the so-called dynamic carbon 

replacement hypothesis) (Harden et al., 1999; Liu et al., 2003; Stallard, 1998)(Figure 4A). 

This concept of the ‘dynamic carbon replacement hypothesis’ focused only on the lateral 

carbon flux by soil erosion (Harden et al., 2008; Stallard, 1998; Van Oost et al., 2008). Based 

on the results of our study, we argue that the dynamic carbon replacement hypothesis should 

be broadened to include vertical carbon flux by infiltration (Figure 4B). In addition, the 

vertical carbon flux (i.e., infiltration) might be much larger than the lateral carbon fluxes. The 

carbon lost by infiltration will also be replaced by photosynthesis and vegetation roots in the 

deep soil layers. Therefore, including the vertical carbon flux from the topsoil layer or other 

soil layers into the dynamic carbon replacement scheme is a crucial step forward. 

4.4. The fate of infiltrated carbon 

Vertical carbon efflux from topsoil is an important carbon translocation process. The lost 

carbon from topsoil layers to deeper soil layers cannot be neglected. However, understanding 

the fate of the infiltrated or percolated carbon in the deep layers is still a major challenge. It is 

likely some of the infiltrated carbon will be decomposed as it moves down the soil profile 

while some will be retained and protected from decomposition (Deng et al., 2014a; Neff & 

Asner, 2001).  

The fate of infiltrated carbon can be complex. Many authors observed a sharp decrease 

of dissolved organic carbon (DOC) concentrations with depth of mineral soil (Kaiser & Zech, 

1997; Qualls & Haines, 1992). Several studies (Rumpel et al., 2010; Rumpel et al., 2004) 
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suggest that soil organic carbon in subsoil is enriched in microbial-derived carbon 

compounds and depleted in energy-rich plant material compared to that in topsoil. Therefore, 

whether the infiltrated carbon retention in subsoil is stable or prone to decomposition is still 

unknown (Ma et al., 2014; Rumpel & Kogel-Knabner, 2011).  

5. Conclusions 

In summary, we observed the topsoil carbon flux by biophysical regulations in the field 

during rainfall storms in a growing season. The objective was to develop a better 

understanding of the role of water-driven erosion and infiltration in causing carbon flux by 

biophysical regulations and to investigate the quantitative relationships among different 

carbon fluxes and influencing factors. First, TCI was the most important carbon efflux by 

biophysical regulations from topsoil in plots with vegetation. STCI is largest (about 96%) in 

STCE. In plot without vegetation, STCS occupies about 50% in STCE, which is the largest 

carbon efflux from topsoil. Second, just considering topsoil carbon flux by biophysical 

regulations, carbon sequestration capacity may be underestimated by up to 43 ±3 %. The TCI 

is a loss from the topsoil layer, but a gain at the terrestrial ecosystem level as it might not be 

lost as it enters deep layers. If not accounted for, the total ecosystem carbon sequestration 

might be underestimated. Third, topsoil carbon fluxes by biophysical regulations played an 

important role in affecting SC pools dynamics. SNTC is net carbon source to the deep layer 

and the magnitude was about 71 ±10% of the typical CSR in the region. Our research calls 

for broadening the dynamic carbon replacement hypothesis to include vertical carbon lost by 

infiltration from the top soil layer. This expansion of the theoretical framework is 
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fundamental as it includes all carbon major fluxes by biophysical regulations, and the newly 

added vertical fluxes might be more important than the lateral fluxes.  
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Figure 1. Location of the study region in China and the study plots. The inset shows the location of the 

study region in China. Schematic diagram of lateral and vertical carbon flux by biophysical regulations 

components during rainfall storms and the setup of experimental facility are in the bottom right corner. 

Different color represents different carbon flux by biophysical regulations. DC is dissolved carbon flux and 

SBC is the sediment-bound carbon flux. This map was created in ArcGIS 10.1. 
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Figure 2. Topsoil carbon input flux by rainfall. The relationships between carbon input flux by rainfall 

and rainfall/throughfall amount for organic (OC) and inorganic carbon (IC) input flux are showed from A 

to E. The left Y axis is the organic carbon input flux and right Y axis is the inorganic carbon input flux. A, 

B, C, and D is in A1, A2, S1, and S2 plot, respectively. E represents the plot of H1, H2, H3 and CK with no 

rainfall interception. Each point represents a sampling date. F is the total biophysical carbon input flux by 

rainfall. Different color represents the carbon input flux in different plot. OC represents organic carbon, IC 

represents inorganic carbon and TC represents the sum of OC and IC.  
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Figure 3. Partitioning of total topsoil carbon efflux by biophysical regulations. Total carbon flux (A), 

total organic carbon flux (B), and total inorganic carbon flux(C). The different color represents the topsoil 

carbon efflux by runoff, sediment and infiltration. The X axis is the different plots. 
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Figure 4. Schematic diagram of two kinds of dynamic carbon replacement hypothesis during 

water-driven erosion in an eroding landscape. A is the dynamic carbon replacement hypothesis 

including lateral soil carbon lost by erosion only. The eroded carbon is replaced mainly by production of 

new photosynthate. B is the expansion of the dynamic carbon replacement hypothesis including lateral 

carbon lost by erosion and vertical carbon lost by infiltration from topsoil layer. Photosynthesis replaces 

not only lateral carbon lost by erosion but also vertical carbon lost by infiltration. Different colors of 

arrows represent different topsoil carbon flux by biophysical regulations. SBC is the carbon flux by 

sediment. DC is the carbon flux by rainfall, runoff and infiltration.  

Figure S1. Runoff, sediment yield, and infiltration characteristics on different sampling dates for: (A) 

runoff characteristics, (B) sediment yield characteristics, and (C) infiltration characteristics. 

 


