
 

 

 
 

 

Edinburgh Research Explorer 
 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Erosion-induced CO2 flux of small watersheds

Citation for published version:
Ni, J, Yue, Y, Borthwick, AGL, Li, T, Miao, C & He, X 2012, 'Erosion-induced CO2 flux of small watersheds'
Global and planetary change, vol 94-95, pp. 101-110., 10.1016/j.gloplacha.2012.07.003

Digital Object Identifier (DOI):
10.1016/j.gloplacha.2012.07.003

Link:
Link to publication record in Edinburgh Research Explorer

Document Version:
Other version

Published In:
Global and planetary change

General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 20. Feb. 2015

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Edinburgh Research Explorer

https://core.ac.uk/display/28977128?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1016/j.gloplacha.2012.07.003
http://www.research.ed.ac.uk/portal/en/publications/erosioninduced-co2-flux-of-small-watersheds(acd7dfc3-7eee-4993-9107-98aa9a7257ed).html


                             Elsevier Editorial System(tm) for Global and Planetary Change 
                                  Manuscript Draft 
 
 
Manuscript Number:  
 
Title: Erosion-induced CO2 flux of world's small watersheds  
 
Article Type: Research Paper 
 
Keywords: CO2 flux; soil erosion; watershed classification 
 
Corresponding Author: Prof. Jinren Ni, Ph.D. 
 
Corresponding Author's Institution: Peking University 
 
First Author: Jinren Ni, Ph. D. 
 
Order of Authors: Jinren Ni, Ph. D.; Yao Yue; Alistair Borthwick, Ph. D.; Tianhong Li, Ph. D.; Chiyuan 
Miao, Ph. D. 
 
Abstract: Soil erosion not only results in severe ecological damage, but also interferes with soil organic 
carbon formation and decomposition, influencing the global green-house effect.  However, there is 
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We propose a discriminant equation for the direction of CO2 flux in small watersheds. 

The world’s watersheds can be classified into source, sink, or transition watersheds. 

We model how natural and anthropogenic factors affect a watershed’s type of CO2 

flux. 
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 34 

1. Introduction 35 

 36 

Soil plays an important part in the global carbon cycle.  Soil comprises an 37 

enormous carbon pool of about 1200 ~ 2500 Gt C (see e.g. Schlesinger, 1991; Balino 38 

et al., 2001) that actively exchanges about 60 Gt C per annum with the atmosphere 39 

(Balino et al., 2001).  Lal (1995; 2003) suggests that, by interfering with the process 40 

of soil carbon formation and decomposition, erosion brings about extra CO2 fluxes 41 

that either exacerbate or alleviate the global green-house effect depending on whether 42 

the fluxes are into or out of the soil.  Carbon fluxes between ground and atmosphere 43 

occur when the inorganic constituents of soil are weathered, or the soil organic carbon 44 



(SOC) is synthesized or mineralized via biological pathway.  All the processes can 45 

be greatly influenced by erosion.  The overland runoff absorbs CO2 at a magnitude 46 

of 0.26 ~ 0.30 Gt C per annum by weathering certain inorganic constituents of soil 47 

(like silicate and carbonate) (Berner et al., 1983; Meybeck, 1982; Amiotte Suchet et 48 

al., 1995).  The organic process which involves all the three stages of detachment, 49 

transport, and deposition can be more complicated.  In the erosion region, with the 50 

decrease of soil fertility due to organic carbon loss in the top layer, crop residue 51 

returning into the soil carbon pool also declines (Lal et al., 2004(b)).  Simultaneously, 52 

the decomposition of organic carbon slows down because of the decrease in fresh 53 

carbon supply (Fontaine et al., 2007).  It may also be the case that newly bared 54 

mineral substances in the top layer could stabilize the SOC, and thus slow down the 55 

rate of degradation (Quinton et al., 2010).  During sediment transport, the soil 56 

particles break down accelerating the decomposition of SOC (Jacinthe et al., 2002; 57 

Polyakov and Lal, 2008; Alewell et al., 2009).  However, the extra CO2 flux 58 

generated by this process may not be very significant (Van Hemelryck, et al., 2010; 59 

2011).  Terrestrial deposition of sediment enriches SOC, and consequently increases 60 

the emission of CO2.  On the other hand, the newly deposited sediment covers the 61 

original top soil in the deposition region, effectively inhibiting decomposition (Berhe 62 

et al., 2007).  Moreover, deposition contributes to the aggregation of soil.  In this 63 

way, SOC formation and CO2 sequestration are promoted.  Unlike terrestrial 64 

deposition, sediment deposited in reservoirs, lakes, rivers and wetlands is protected 65 

from oxidation because of the anaerobic environment (Cole et al., 2007; 66 



Aufdenkampe et al., 2011).  However, Lal et al. (2004(b)) observe that CH4 (another 67 

greenhouse gas) could be released as a product of anaerobic decomposition in water.  68 

Stallard (1998) points out that sediment deposited in reservoirs, lakes and wetlands 69 

nevertheless has the potential to grow plants, sequestering CO2 through 70 

photosynthesis. 71 

Although the inorganic process during erosion is becoming better understood, 72 

agreement has not yet been reached as to whether the soil organic carbon pool acts 73 

under erosion as a CO2 source or sink.  Lal (1995; 2003) calculates that the global 74 

CO2 source induced by erosion is 0.8 ~ 1.2 Gt C per annum.  However, Smith et al. 75 

(2001) suggest that the erosion-induced CO2 sink is about 1.0 Gt C per annum.  Ciais 76 

et al. (2010) estimate that cropland in Europe as a whole acts as a CO2 source of 20 g 77 

C m
-2

 yr
-1

 in the long run.  Dymond (2010) estimates that New Zealand has a CO2 78 

sink of 3.1 Mt per annum, mitigating its fuel burning emissions by 45 %.  Billings et 79 

al. (2011) conclude that whether SOC erosion acts as a sink or source depends largely 80 

on the final fate of the eroded soil.  Since soil erosion is a multi-scale process which 81 

involves a series of steps (Harden et al., 2008), every single CO2-related mechanism 82 

of each step at each scale should be studied to detect fully the total erosion-induced 83 

CO2 flux. 84 

As the basic unit of sediment yield, the watershed is the starting point for 85 

research into CO2 flux during erosion.  Yet, the role of watersheds in the carbon 86 

cycle is not clear.  Van Oost et al. (2007) studied several small watersheds (< 15 hm
2
) 87 

in Europe and America.  By comparing observed soil carbon inventories (Cobv, g m
-2

) 88 



with simulated carbon inventories under the assumption that no vertical carbon 89 

exchanges occur (Csim, g m
-2

), Van Oost et al. discovered that the watersheds studied 90 

were sinks of erosion-induced CO2 fluxes.  By direct extrapolation, Van Oost et al. 91 

calculated the world’s total CO2 sink to be 0.12 Pg C yr
-1

.  This viewpoint is 92 

supported by Renwick et al. (2004) and Harden et al. (2008), whereas Lal et al. 93 

(2004(a)) and Alewell et al. (2009) insist that SOC in an erosion region decomposes at 94 

a higher rate, acting as a CO2 source.  Although Van Oost et al. (2007) designed an 95 

ingenious experiment from which they derived convincing conclusions, it should be 96 

noted that extrapolation from local regions to the global scale may not hold true, due 97 

to significant effects on erosion-induced CO2 fluxes from spatial variations in natural 98 

and anthropogenic factors like vegetation, microbial decomposition rate, soil 99 

structures, erosion intensity and cultivation activities. Proper consideration of these 100 

variations could lead to different conclusions than obtained by Van Oost et al.  The 101 

following question needs to be answered.  Can it be determined whether a particular 102 

watershed in the erosion region acts as a CO2 sink or source?  Following Van Oost et 103 

al. (2007), the present paper considers the spatial variations of both natural and 104 

anthropogenic factors and sets up a discriminant equation for identifying the type of 105 

CO2 flux that occurs in a given small watershed, based on the concept of Sediment 106 

Delivery Ratio (SDR).  We try to provide a possible explanation aimed towards 107 

resolving the present controversy.  To analyze the impacts of vegetation, microbial 108 

decomposition, soil structure, erosion intensity and human cultivation on CO2 flux of 109 

a watershed, a parameter study involving 243 scenarios has been undertaken using a 110 



mathematical model of the slow carbon pool in the soil.  The effect of two 111 

management measures is also evaluated. 112 

 113 

2. Discriminant equation for the type of CO2 flux in a watershed 114 

 115 

Van Oost et al. (2007) divide the total CO2 flux FA (g C yr
-1

) of a watershed into 116 

two parts: the flux at erosion sites FE (g C yr
-1

), and the flux at deposition sites FD (g 117 

C yr
-1

): 118 

FA = FE + FD,                          (1) 119 

in which positive values of FA, FE, and FD indicate CO2 absorption, while negative 120 

values represent CO2 emission.  By comparing the difference between observed 121 

carbon inventories Cobv, (g C m
-2

) and simulated carbon inventories under the 122 

assumption that no vertical carbon flux occurs Csim (g C m
-2

), Van Oost et al. obtained 123 

values of FE and FD for ten watersheds in Europe and America.  They also 124 

discovered that the vertical fluxes (FE, FD) are linearly related to the lateral fluxes (EC, 125 

DC, g C yr
-1

), with the linear coefficients being 0.11 ~ 0.55 and -0.24 ~ 0.21.  The 126 

average values of the two coefficients over all the sampled watersheds are 0.26 and 0.  127 

Accordingly, Van Oost et al. calculated the total CO2 flux of the world’s small 128 

watersheds to be 0.12 Pg C per annum, and concluded that small watersheds as a 129 

whole act as a tiny CO2 sink.  However, because of the spatial variations of both 130 

natural and anthropogenic factors, the ratios between the vertical and lateral fluxes in 131 

other watersheds may be different, and the ten sampled watersheds in Europe and 132 



America cannot represent the overall situation of the world.  Stallard (1998) suggests 133 

that the sequestration ratio may vary from 0 to 100 % globally; Boix-Fayos et al. 134 

(2009) discovered that the sequestration ratio gradually increases to 36 % in the 135 

vegetation restoration regions.  Moreover, the coefficients obtained by Van Oost et al. 136 

display evident differences among the ten watersheds considered.  When the 137 

coefficients change (not 0.26 or 0), the direction and intensity of erosion-induced CO2 138 

flux in small watershed need re-evaluation.  139 

Let α and β represent ratios of the vertical carbon flux to the lateral carbon flux 140 

in the watershed: 141 

E
F

C

E

,                              

(2)

 

142 

and 143 

D
F

C

D

,                              (3) 144 

so that 145 

FA = α EC + β DC,                         (4) 146 

given 147 

DC = EC – TC,                           (5) 148 

where TC is the organic carbon exported out of the watershed (g C yr
-1

).  Thus: 149 

FA = α EC + β (EC – TC).                       (6) 150 

Dividing Equation (6) by TC: 151 














 1

T
E

T
E

T
F

C

C

C

C

C

A 
   .                     (7) 152 

Note that the left side of Equation (7) represents the ratio of carbon vertically 153 

exported from the watershed via CO2 emission (FA) to SOC laterally exported out of 154 



the region with sediment (TC).  When the ratio is positive, the watershed represents a 155 

CO2 sink, and vice versa.  The absolute value of the ratio represents the relative 156 

intensity of CO2 emission / absorption.  Thus, the ratio FA/TC can be regarded as an 157 

indicator of the characteristics of the erosion-induced CO2 flux in the watershed, and 158 

we name it the Exported Carbon Ratio (ECR).  In short, 159 

T

FECR
C

A
   .                         (8) 160 

According to Equation (8), the total CO2 flux of a watershed can be easily calculated 161 

by multiplying ECR by TC obtained from the lower end of the watershed.  It should 162 

be noted that 163 

EC = SOCE ES                           (9) 164 

and 165 

                            TC = SOCT TS,                          (10) 166 

where SOCE and SOCT are the organic carbon content within the eroded soil and 167 

exported sediments respectively (g kg
-1

), ES and TS are the amount of soil erosion and 168 

sediment transport (kg yr
-1

).  Given that the scale of the watershed is very small, it 169 

takes a short time for the eroded soil to arrive at the lower end of the watershed.  So 170 

it is reasonable to suppose that: 171 

                            SOCE = SOCT.                          (11) 172 

Thus, 173 

SDRT
E

T
E

S

S

C

C 1


  ,                       (12) 174 

where SDR is the Sediment Delivery Ratio of the watershed, which can vary between 175 

0 and 1. 176 



Combining Equation (8) and Equation (12), the discriminant equation for CO2 177 

flux type is as follows: 178 








SDR
ECR .                         (13) 179 

Equation (13) shows that, the indicator for CO2 flux characteristics (i.e. direction and 180 

intensity), ECR, varies with α, β, and SDR.  In practice, the equation can be used to 181 

discriminate the characteristics of the CO2 flux for a given watershed. 182 

 183 

3. Discrimination of CO2 flux type in small watersheds 184 

 185 

3.1. Classification of watershed based on characteristics of CO2 flux 186 

 187 

The above expression for ECR has the form of a hyperbola.  Theoretically, ECR 188 

has 4 forms according to the values of α and β: 189 

Form (1): α + β > 0, α > 0; 190 

Form (2): α + β > 0, α < 0; 191 

Form (3): α + β < 0, α > 0; 192 

Form (4): α + β < 0, α < 0; 193 

In practice, Form (2) cannot exist, because: 194 

E

AOI

C

EECEC
)

,,
( 


                        

(14) 195 

and 196 

D

AOI

C

DDCDC
)

,,
( 


   ,                    

(15)

 

197 



where IC is the input intensity of CO2 from the atmosphere to soil (g C yr
-1

), OC is the 198 

output intensity of CO2 from the soil to atmosphere (g C yr
-1

); A is the area in m
2
; and 199 

the subscripts E and D represent erosion and deposition respectively.  Within any 200 

given small watershed, the input and intensity of CO2 through photosynthesis at both 201 

the eroding and the depositional sites can be presumed to be the same, so that 202 

IC, E = IC, D.                          (16) 203 

The oxidation rate of SOC obeys first order dynamics.  Within a single small 204 

watershed, the first order oxidation coefficient kO (yr
-1

) leads to equal erosion and 205 

deposition oxidation rates, such that 206 

OC，E = kO CE                         (17) 207 

and 208 

OC，D = kO CD,                        (18) 209 

where CE and CD are the carbon inventories at the eroding and depositional sites (g C 210 

m
-2

).  In general, 211 

CE ≤ CD,                           (19) 212 

so that 213 

IC，E – OC, E ≥ IC，E – OC, E.                   (20) 214 

That is, if α < 0, then β < 0.  Therefore, α + β is also smaller than 0.  Form (2) does 215 

not exist. 216 

Fig. 1 shows how ECR changes with SDR for each of the three types of 217 

watershed.  A watershed represented by Form (1) is always a CO2 sink, whatever 218 

the value of SDR, and we call it a Sink Watershed.  A watershed of Form (3) 219 



transitions from a CO2 source to a sink with SDR increasing from 0 to 1, and is 220 

termed a Transition Watershed.  A watershed represented by Form (4) is always a 221 

CO2 source no matter the value of SDR, and is called a Source Watershed.  For a 222 

Sink Watershed, ECR decreases as SDR increases.  When SDR is equal to 1, ECR 223 

has a minimum value of α.  So α reflects the basic capability for CO2 sequestration 224 

of a Sink Watershed.  The decreasing gradient of the line from ECR|SDR=1 to 225 

ECR|SDR=0.5, |2·(α + β)| indicates the sensitivity of CO2 sequestration to the change in 226 

SDR.  The ECR of the Transition Watershed is positively correlated with SDR.  227 

The critical SDR where ECR = 0 in the Transition Watershed is given by SDRcr = 1 + 228 

α/β.  An increase in α or decrease in β makes the critical point move to the right.  229 

When SDR < SDRcr, the watershed acts as a CO2 source; however, when SDR > 230 

SDRcr, the watershed acts as a CO2 sink.  In the Source Watershed, ECR increases 231 

as SDR increases.  When SDR is equal to 1, ECR reaches its maximum value of α.  232 

So α reflects the basic capability for CO2 emission of a Source Watershed.  The 233 

gradient of the line from ECR|SDR=1 to ECR|SDR=0.5, |2·(α + β)| again indicates the 234 

sensitivity of CO2 emission to changes in SDR. 235 

 236 

3.2. A possible answer to the present controversy: whether a small watershed a sink 237 

or source? 238 

 239 

According to the Discriminant Equation for CO2 flux type, a watershed can be 240 

either a CO2 source (the Source Watershed or the source part of the Transition 241 



Watershed), or a CO2 sink (the Sink Watershed or the sink part of the Transition 242 

Watershed).  Using experimental data from small watersheds published in the open 243 

literature it is possible to discriminate the CO2 flux type for each catchment.  Tables 244 

1 and 2 list the discriminant parameters of typical Sink Watersheds and typical Source 245 

Watersheds. 246 

 247 

4. Factors that influence the type of CO2 flux in a watershed 248 

 249 

4.1. Slow carbon pool model 250 

 251 

Next a mathematical model is applied to study how natural and anthropogenic 252 

factors affect the classification of CO2 flux in a watershed.  According to the 253 

turnover time, the soil carbon pool can be classified into a rapid carbon pool which 254 

consists of debris and microbes (with a turnover time of less than 5 years (Potter et al., 255 

1993; Li et al., 1994)), a slow carbon pool (stored in the top 20 cm, with a turnover 256 

time of decades to centuries), and a passive carbon pool (with a turnover time of 257 

thousands of years) (Stallard, 1998), of which the slow carbon pool is directly affected 258 

by cultivation and erosion.  The change of the slow carbon pool can be described as 259 

follows (Stallard 1998; Liu et al., 2003): 260 

In the erosion region, 261 

CCkkI
C

subEOEB

E

dT

d
 )(    ,                 (21) 262 

and in the deposition region, 263 



CCkII
C

subEODB

D

dT

d
    ,                 (22) 264 

where CE (g m
-2

) and CD (g m
-2

) are the carbon inventories in the erosion and 265 

deposition regions respectively, T (yr) is the cultivation period, IB (g m
-2

 yr
-1

) is the 266 

carbon input intensity through photosynthesis, and ID (g m
-2

 yr
-1

) is the deposition 267 

intensity.  Suppose that oxidation and erosion obey first order dynamics, and let kO 268 

(yr
-1

) represent the first order coefficient of carbon oxidation through microbial 269 

process, which also reflects the turnover rate of the slow carbon pool, kE (yr
-1

) is the 270 

first order coefficient of erosion, and Csub (g m
-2

 yr
-1

) is the flux from / to the lower 271 

carbon pool due to the elevation change of the top layer through erosion or deposition.  272 

Csub can be calculated using the erosion (deposition) rate and the SOC distribution.  273 

Given that: 274 

FE = (IB – kO CE) AE,                        (23) 275 

FD = (IB – kO CD) AD,                       (24) 276 

EC = kE CE AE,                           (25) 277 

and 278 

DC = ID AD,                            (26) 279 

where AE and AD (m
2
) represent the erosion and deposition areas respectively.  Thus, 280 

Ck
CkI
EE

EOB



,                           (27) 

281 

and 

282 

I
CkI

D

DOB



.                          (28) 

283 

The average α and β during the cultivation period T (yr) are: 284 
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                        (30) 

286 

where ID can be calculated using the depositional rate and the SOC profile. 287 

 288 

4.2 Model Validation 289 

 290 

The model was validated using data taken from Van Oost et al. (2007).  Three 291 

watersheds with uniform sampling depth (0.5 m, see Fig. 2 for the profile of each 292 

watershed) were selected, and the input parameters for the model were derived from 293 

the 
137

Cs and SOC inventories (Table 3). 294 

Fig. 3 compares the modeled ,   (Equation (21), (22), (29), (30)) during the 295 

cultivation period with values directly obtained from field measurements.  The 296 

results are in reasonable agreement, thus validating the slow carbon pool model. 297 

 298 

4.3. Sensitivity analysis 299 

 300 

IB, kO, Dcul, T, vE, and vD are basic input parameters representing the input 301 

intensity through photosynthesis, turnover rate of the slow carbon pool, cultivation 302 

depth, cultivation period, the yearly erosion depth and deposition depth respectively.  303 

Other parameters can be derived from these basic ones (see notes below Table 3).  304 

Since erosion provides the material for deposition, vD should be closely related to vE.  305 



Suppose the following linear relationship holds between vE and vD: 306 

k
v

v
R

E

D 

,                             (31) 

307 

where kR is a deposition coefficient representing the deposition intensity.  Then, vD 308 

can be written as a function of vE and kR.  Herein, IB, kO, Dcul, T, vE, and kR were 309 

assigned the average of the values obtained by Van Oost et al. (2007), and then altered 310 

by ±20 %, one at a time.  The results show that α is insensitive to IB and kR, and is 311 

positively correlated to T, kO, Dcul, and vE.  The three factors with greatest influence 312 

on α are T (±17.1 %), kO (±11.8 %), and Dcul (±8.8 %).  The coefficient of β is 313 

positively correlated with kO and Dcul, and negatively correlated with vE, T, and kR.  It 314 

is insensitive to IB, but most affected by Dcul (±59.8 %), vE (∓45.6 %), and T 315 

(∓36.4 %).  Note that cultivation period and depth have the largest influence on for 316 

both α and β, which implies that anthropogenic factors are most important in 317 

determining the type of CO2 flux in watersheds.  It should therefore be possible to 318 

control CO2 flux through changing human activities.  The significant influence of 319 

cultivation period on α can be explained by examining the derivative of Equation 320 

(27): 321 

Cd
Ck

I
d E

EE

B

2


,                      

(32) 322 

and dividing by α to obtain 323 

C
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Id

E
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EB E
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   .                (33) 324 

In general (where erosion is not extremely severe), 325 



1
 CkI

I

EB E

B     .                   (34) 326 

So, the variation becomes magnified as time passes.  Inserting the values for each 327 

parameter in the sensitivity analysis, leads to 328 

C

Cdd

E

E47.2




    .                   (35) 329 

Equation (35) demonstrates the magnification effect. The influence of cultivation 330 

period on β can be similarly explained. Dcul exerts influence on α and β through kE.  331 

Since kE = vE/Dcul, the same variation in Dcul leads to a larger change in kE compared 332 

to vE. 333 

 334 

4.4. Scenario Analysis 335 

 336 

A series of scenarios has been conducted in order to study the conditions under 337 

which each of the three types of watersheds occur.  Table 4 lists the range of values 338 

of  kO, Dcul, T, vE, and kR selected as key factors that determine the type of a 339 

watershed (given that α and β are both insensitive to IB).  First, the input intensity is 340 

kept constant (IB ≡ 75 g C m
-2

 yr
-1

, (Van Oost et al., 2007)), and three levels of values 341 

(high, medium and low, Table 5) are selected within the range of each factor in order 342 

to calculate the CO2 flux type for every single combination.  Then, the input 343 

intensity is varied over the cultivation period (100 yr, while keeping kO, Dcul, vE, and 344 

kR at medium level) to simulate the impact of changing residue return on the CO2 flux 345 

type in a watershed (reduced or increased by 30 % respectively). 346 



(1) Steady input conditions.  A total of 243 scenarios are combined according to 347 

the parameters listed in Table 5.  The results are summarized in Table 6.  It appears 348 

that choice of the lowest value of erosion intensity (vE = 0.0001 m/yr) always leads to 349 

a Transition Watershed, regardless of the values assigned to the other parameters 350 

(within the range considered).  Choice of the highest value of erosion intensity (vE = 351 

0.01 m/yr) invariably leads to a Sink Watershed.  The conclusion that erosion 352 

promotes CO2 sequestration is supported by Liu et al. (2003).  This is mainly 353 

because erosion progressively exposes soil containing lower and more stable carbon, 354 

diminishing CO2 emissions.  In the region where erosion intensity is moderate (vE = 355 

0.001 m/yr), the period of cultivation becomes the primary impact factor.  A medium 356 

or long cultivation period (50 yr, 100 yr) leads to a Sink Watershed, whereas a short 357 

cultivation period (25 yr) results in either a Transition Watershed or a Sink Watershed.  358 

Liu et al. (2003) also pointed out that CO2 emissions decreased while CO2 359 

sequestration increased as time passed.  When vE and T were set to 0.001 m/yr and 360 

25 yr respectively, it can be seen that regions with a high depositional coefficient (kR = 361 

1.05) are all Sink Watersheds, whereas regions with low depositional coefficient (kR = 362 

0.35) are all Transition Watersheds.  This is due to the hiding effect of deposited 363 

sediment on the lower soil layer, which inhibits carbon decomposition, and is more 364 

effective in regions with a high depositional coefficient.  In watersheds with a 365 

medium depositional coefficient (kR = 0.7), the turnover rate (kO) plays the 366 

determining role.  For low or medium values of kO (0.01 yr
-1

 or 0.02 yr
-1

), a 367 

Transition Watershed occurs. However, a high turnover rate (kO=0.04 yr
-1

) results in 368 



either a Sink Watershed or a Transition Watershed.  Next, by setting kR = 0.7 and kO 369 

= 0.04 yr
-1

, it appears that the cultivation depth begins to act as the key factor.  When 370 

Dcul is shallow or modest (Dcul = 0.1 or 0.2 m), a sink Watershed results.  A 371 

Transition Watershed occurs in scenarios involving a relatively large cultivation depth 372 

(Dcul = 0.3 m).  This is because a more shallow cultivation depth corresponds to a 373 

higher erosion coefficient (kE) when the erosion rate is the same, and thus is beneficial 374 

for CO2 sequestration.  In summary, no Source Watershed appears under the steady 375 

input scenario.  Conditions of low erosion intensity, short cultivation period, low 376 

depositional coefficient, slow carbon pool turnover rate, or large cultivation depth are 377 

unfavorable for the formation of a Sink Watershed.  It is important that basin 378 

management is not mono-targeted.  Instead, a holistic analysis is required taking into 379 

account the effect of CO2 flux control in terms of the economic, social, and 380 

environmental impacts (Lal, 2010).  For example, erosion intensity should not be 381 

increased solely for the ex parte purpose of reducing CO2 emissions. 382 

(2) Sudden change in residue return.  Fig. 4 illustrates three scenarios: (a) 383 

constant residue return; (b) an abrupt decrease of 30 % in residual return at the 51
st
 384 

year; and (c) an abrupt increase of 30 % in residue return at the 51
st
 year.  It is 385 

evident from Fig. 4(b) that the sudden 30 % decrease in residue return is accompanied 386 

by a sharp decrease in both α and α + β taking them from positive to negative values, 387 

associated with transformation from a CO2 sink to a source.  Although both α and α 388 

+ β slowly increase afterwards, the watershed remains a source by the end of the 389 

simulation at 100 years.  By continuing the simulation beyond 100 years, it was 390 



found that the region alters to a Transition Watershed in the 110
th

 year, and later 391 

returns to a Sink Watershed in the 175
th

 year.  Fig. 4(c) shows that the sudden 30 % 392 

increase in residue return leads to an equally abrupt increase in both α and α+β.  In 393 

this case, α, the capability of the watershed to sequester CO2, increases by a factor of 394 

5.4.  Although both α and α+β slowly decline with time, they appear to saturate.  It 395 

appears that the basic CO2 sequestration still remains 2.4 times as much as the level at 396 

the 50
th

 year immediately before the abrupt increase in residue return.  In summary, a 397 

decrease in the residue return leads to a sudden transformation towards a Source 398 

Watershed, whereas a sudden increase in the ratio of residue return is beneficial for 399 

CO2 sequestration. 400 

 401 

5. Conclusions 402 

 403 

There is controversy in the literature as to whether a small watershed under 404 

erosion represents a CO2 sink or source.  To help resolve this controversy, the 405 

present paper has developed a discrimination model to investigate the directional and 406 

intensity characteristics of CO2 flux.  The model can be used to categorize small 407 

watersheds into the Sink Watersheds, Source Watersheds and Transitional Watersheds, 408 

noting that a small watershed can be either a CO2 sink or source.  To evaluate the 409 

model, input data are required on the ratios of the vertical and lateral carbon fluxes at 410 

both the eroding site and the depositional site, and the Sediment Delivery Ratio of the 411 

region.  By means of parameter and scenario studies, it is demonstrated that the type 412 



of a watershed is influenced by both natural and anthropogenic factors, with the latter 413 

being most important.  This raises the interesting possibility of effective CO2 flux 414 

control through changing human activities in a given small watershed.  Sink 415 

Watersheds are less likely to result in conditions of low erosion intensity, short 416 

cultivation period, low depositional coefficient, slow carbon pool turnover rate, and 417 

large depth of cultivation.  An abrupt decrease in the residue return may lead to a 418 

sudden transformation towards a Source Watershed.  In contrast, an abrupt increase 419 

in the ratio of residue return is beneficial for CO2 sequestration.  It is hoped that the 420 

present paper will contribute to our understanding of CO2 flux control. 421 

 422 
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Table 1 535 

Discriminant Parameters for Typical Sink Watersheds 
a
. 536 

No 

LCF
 b
 

(g m
-2

 yr
-1

) 

VCF
 c
 

(g m
-2

 yr
-1

) α 
f
 β 

g
 

E 
d
 D 

e
 E 

d
 D 

e
 

1 13.2 9.6 2.5 0 0.19 0.00 

2 12.8 6.8 5.7 1.4 0.45 0.21 

3 16.6 14.7 5.2 2.3 0.31 0.16 

4 10.6 6.4 3.2 -1.1 0.3 -0.17 

5 10.1 8.5 2.4 -0.8 0.24 -0.09 

6 21 14.3 5.2 -0.7 0.25 -0.05 

7 6.2 3.4 1.6 -0.8 0.26 -0.24 

8 3.2 3 0.7 0.1 0.21 0.03 

a
  According to Van Oost et al., 2007.  537 

b
  Lateral Carbon Flux 538 

c
  Vertical Carbon Flux 539 

d
  Erosion 540 

e
  Deposition 541 

f
  α = VCFE / LCFE 542 

g
  β = VCFD / LCFD

  
543 

544 



Table 2 545 

Discriminant Parameters for Typical Source Watersheds 
a
. 546 

No 

FOC
 b
 

(yr
-1

) 

CF
 e
 

(g m
-2

 yr
-1

) 

Ct
 i
 

(g m
-2

) 
α

 j
 β

 k
 

h
 c
 k

 d
 Cr

 f
 EC

 g
    

1 0.15 0.016 698 42 6550 -0.002 - 

2 0.18 0.02 230 56 2400 -0.118 - 

3 0.2 0.03 358 77 3720 -0.519 - 

4 0.2 0.03 238 40 2860 -0.955 - 

5 0.2 0.03 67 42 2090 -1.174 - 

6 0.2 0.03 201 54 1860 -0.289 - 

a
  According to Jacinthe and Lal, 2001  547 

b
  First Order Coefficient 548 

c
  First order coefficient of humification 549 

d
  First order coefficient of oxidation 550 

e
  Carbon Flux 551 

f
  The input intensity of crop residues 552 

g
  The lateral flux of eroded carbon 553 

h
  The local carbon inventory 554 

i
  α = (Cr × h – Ct × k) / EC 555 

j
  The depositional part of the watershed is not included in Jacinthe and Lal’s study. 556 

However, the type of CO2 flux in the watershed is not affected, since α < 0 (see Fig. 557 

1). 558 

559 



Table 3 560 

Parameters used in the verification of slow carbon model. 561 

No
a
 IB

b
 Dz

c
 Dcul

d
 T

e
 Cref

f
 vE

g
 vD

h
 C0

i
 Ccul

j
 kO

k
 kE

l
 

4 75 0.5 0.3 42 3617 3.15×10
-3

 1.91×10
-3

 18139 2957 0.0254 0.0105 

5 75 0.5 0.22 46 3540 2.27×10
-3

 1.91×10
-3

 17476 2429 0.0310 0.0103 

7 75 0.5 0.2 46 4633 1.22×10
-3

 0.668×10
-3

 21461 2876 0.0262 0.00611 

a
  Original serial number in Van Oost et al’s [2007] work. 562 

b
  Rate of carbon input from crop residues (g m

-2
 yr

-1
) 563 

c
  Sampled depth ( m) 564 

d
  Cultivation depth (m) 565 

e
  Cultivation period (yr) 566 

f
  Carbon inventory of the sampled layer (g m

-2
) 567 

g
  Erosion rate (m yr

-1
), derived from 

137
Cs inventory at the erosion sites. 568 

h
  Depositional rate (m yr

-1
), derived from 

137
Cs inventory at the depositional sites. 569 

i
  Carbon concentration at depth 0 m (g m

-3
), 


Dz

zref
dzCrCC 00

/ . See the definition of 570 

Crz in Fig. 2. 571 

j
  Carbon inventory of the cultivation layer (g m

-2
), 

Dp

zcul
dzCrCC 00

 572 

k
  First order carbon losses through oxidation (yr

-1
), kO = IB / Ccul  573 

l
  First order carbon losses through erosion (yr

-1
), kE = vE / Dcul. Dcul (m) is the 574 

cultivation depth. The cultivation layer would be completely mixed after plough. 575 

576 



Table 4 577 

Range of each factor used in scenario analysis. 578 

kO (yr
-1

) vE (m yr
-1

) kR Dcul (m) T (yr) 

1/30~1/120 
a
 0.0001~0.01 

b
 0.35~1.05 

c
 0.1~0.3 

d
 0~100 

e
 

a
  From Potter et al., 1993 579 

b
  Form Billings et al., 2010 and Montgomery, 2007 580 

c
  European Average varied over ± 50 % 581 

d
  data from experienced agricultural managers 582 

e
  it is assumed that the carbon pool becomes steady in 100 years. 583 

584 



Table 5 585 

Parameter values selected for scenario analysis. 586 

Parameter 

Level 

Low Medium High 

kO (yr
-1

) 0.01 0.02 0.04 

vE (m yr
-1

) 0.0001 0.001 0.01 

kR (–) 0.35 0.7 1.05 

Dcul (m) 0.1 0.2 0.3 

T (yr) 25 50 100 

 587 

588 



Table 6 589 

Types of watersheds for each of the 243 scenarios.
 

590 

vE T kR kO Dcul Type of watershed 

L
a 

○
e 

○ ○ ○ Transition 

H
b 

○ ○ ○ ○ Sink 

M
c 

M ○ ○ ○ Sink 

–
d H ○ ○ ○ Sink 

– L H ○ ○ Sink 

– – L ○ ○ Transition 

– – M L ○ Transition 

– – – M ○ Transition 

– – – H L Sink 

– – – – M Sink 

– – – – H Transition 

a
  Low Level 591 

b
  Medium Level 592 

c
  High Level 593 

d
  Ditto mark 594 

e
  Indicating the three levels of value lead to the same watershed type. 595 

596 



Figure Captions 597 

 598 

Fig. 1. Watershed classification based on CO2 flux. 599 

 600 

Fig. 2. SOC profiles employed in the verification of slow carbon pool model, where 601 

(a), (b), and (c) are the SOC profiles of the No. 4, 5, and 7 watersheds considered by 602 

Van Oost et al. (2007); z is the soil depth (m), Crz is the ratio of carbon concentration 603 

at z (m) Cz (g m
-3

) to the carbon concentration in the top layer C0 (g m
-3

). 604 

 605 

Fig. 3. Comparison between the simulated and averaged α and β 606 

 607 

Fig. 4. Impact of different residue return scenarios on the CO2 flux characteristics of a 608 

watershed: (a) steady residue return; (b) sudden decrease in residue return in the 51
st
 609 

year; and (c) sudden increase in residue return in the 51
st
 year. 610 
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