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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 controversy as to whether a typical
small watershed presumed as the basic unit of sediment yield acts as a CO, sink or
source. This paper proposes a discriminant equation for the direction of CO; flux in
small watersheds, using the concept of Sediment Delivery Ratio (SDR). Using this
equation, a watershed can be classified as a Sink Watershed, a Source Watershed, or a

Transition Watershed, noting that small watersheds can act either as a CO, sink or as a
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CO, source. A mathematical model is used to analyze how natural and
anthropogenic factors affect the type of CO, flux. After assigning each factor
(turnover rate of the carbon pool, erosion rate, deposition rate, cultivation depth and
period) values at three levels (low, medium, and high), and combining 243 scenarios,
the influence of increasing or decreasing crop residue return is also analyzed. The
results show that low erosion rate, short cultivation period, low depositional rate, slow
carbon pool turnover rate, and deep cultivation depth are unfavorable for the
formation of the Sink Watershed; a decreased residue return by 30 % may result in
transformation towards the Source Watershed; an increased residue return by 30 %
may strengthen the basic CO, sink by a factor ranging from 2.4 to 5.4.

Key words: CO; flux; soil erosion; watershed classification

1. Introduction

Soil plays an important part in the global carbon cycle. Soil comprises an
enormous carbon pool of about 1200 ~ 2500 Gt C (see e.g. Schlesinger, 1991; Balino
et al., 2001) that actively exchanges about 60 Gt C per annum with the atmosphere
(Balino et al., 2001). Lal (1995; 2003) suggests that, by interfering with the process
of soil carbon formation and decomposition, erosion brings about extra CO, fluxes
that either exacerbate or alleviate the global green-house effect depending on whether
the fluxes are into or out of the soil. Carbon fluxes between ground and atmosphere

occur when the inorganic constituents of soil are weathered, or the soil organic carbon
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(SOC) is synthesized or mineralized via biological pathway. All the processes can
be greatly influenced by erosion. The overland runoff absorbs CO, at a magnitude
of 0.26 ~ 0.30 Gt C per annum by weathering certain inorganic constituents of soil
(like silicate and carbonate) (Berner et al., 1983; Meybeck, 1982; Amiotte Suchet et
al., 1995). The organic process which involves all the three stages of detachment,
transport, and deposition can be more complicated. In the erosion region, with the
decrease of soil fertility due to organic carbon loss in the top layer, crop residue
returning into the soil carbon pool also declines (Lal et al., 2004(b)).  Simultaneously,
the decomposition of organic carbon slows down because of the decrease in fresh
carbon supply (Fontaine et al., 2007). It may also be the case that newly bared
mineral substances in the top layer could stabilize the SOC, and thus slow down the
rate of degradation (Quinton et al., 2010). During sediment transport, the soil
particles break down accelerating the decomposition of SOC (Jacinthe et al., 2002;
Polyakov and Lal, 2008; Alewell et al., 2009). However, the extra CO, flux
generated by this process may not be very significant (Van Hemelryck, et al., 2010;
2011). Terrestrial deposition of sediment enriches SOC, and consequently increases
the emission of CO,. On the other hand, the newly deposited sediment covers the
original top soil in the deposition region, effectively inhibiting decomposition (Berhe
et al., 2007). Moreover, deposition contributes to the aggregation of soil. In this
way, SOC formation and CO, sequestration are promoted. Unlike terrestrial
deposition, sediment deposited in reservoirs, lakes, rivers and wetlands is protected

from oxidation because of the anaerobic environment (Cole et al.,, 2007,
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Aufdenkampe et al., 2011). However, Lal et al. (2004(b)) observe that CH,4 (another
greenhouse gas) could be released as a product of anaerobic decomposition in water.
Stallard (1998) points out that sediment deposited in reservoirs, lakes and wetlands
nevertheless has the potential to grow plants, sequestering CO, through
photosynthesis.

Although the inorganic process during erosion is becoming better understood,
agreement has not yet been reached as to whether the soil organic carbon pool acts
under erosion as a CO; source or sink. Lal (1995; 2003) calculates that the global
CO, source induced by erosion is 0.8 ~ 1.2 Gt C per annum. However, Smith et al.
(2001) suggest that the erosion-induced CO; sink is about 1.0 Gt C per annum. Ciais
et al. (2010) estimate that cropland in Europe as a whole acts as a CO, source of 20 g
C m? yrtin the long run. Dymond (2010) estimates that New Zealand has a CO,
sink of 3.1 Mt per annum, mitigating its fuel burning emissions by 45 %. Billings et
al. (2011) conclude that whether SOC erosion acts as a sink or source depends largely
on the final fate of the eroded soil. ~Since soil erosion is a multi-scale process which
involves a series of steps (Harden et al., 2008), every single CO,-related mechanism
of each step at each scale should be studied to detect fully the total erosion-induced
COs, flux.

As the basic unit of sediment yield, the watershed is the starting point for
research into CO, flux during erosion. Yet, the role of watersheds in the carbon
cycle is not clear. Van Oost et al. (2007) studied several small watersheds (< 15 hm?)

in Europe and America. By comparing observed soil carbon inventories (Copy, g M)
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with simulated carbon inventories under the assumption that no vertical carbon
exchanges occur (Csim, g m™), Van Oost et al. discovered that the watersheds studied
were sinks of erosion-induced CO, fluxes. By direct extrapolation, Van Oost et al.
calculated the world’s total CO, sink to be 0.12 Pg C yr*. This viewpoint is
supported by Renwick et al. (2004) and Harden et al. (2008), whereas Lal et al.
(2004(a)) and Alewell et al. (2009) insist that SOC in an erosion region decomposes at
a higher rate, acting as a CO, source. Although Van Oost et al. (2007) designed an
ingenious experiment from which they derived convincing conclusions, it should be
noted that extrapolation from local regions to the global scale may not hold true, due
to significant effects on erosion-induced CO, fluxes from spatial variations in natural
and anthropogenic factors like vegetation, microbial decomposition rate, soil
structures, erosion intensity and cultivation activities. Proper consideration of these
variations could lead to different conclusions than obtained by Van Oost et al. The
following question needs to be answered. Can it be determined whether a particular
watershed in the erosion region acts as a CO; sink or source? Following Van Oost et
al. (2007), the present paper considers the spatial variations of both natural and
anthropogenic factors and sets up a discriminant equation for identifying the type of
CO; flux that occurs in a given small watershed, based on the concept of Sediment
Delivery Ratio (SDR). We try to provide a possible explanation aimed towards
resolving the present controversy. To analyze the impacts of vegetation, microbial
decomposition, soil structure, erosion intensity and human cultivation on CO, flux of

a watershed, a parameter study involving 243 scenarios has been undertaken using a
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mathematical model of the slow carbon pool in the soil. The effect of two

management measures is also evaluated.

2. Discriminant equation for the type of CO; flux in a watershed

Van Oost et al. (2007) divide the total CO, flux Fa (g C yr™) of a watershed into
two parts: the flux at erosion sites Fe (g C yr™), and the flux at deposition sites Fp (g
cyrhy:

Fa=Fe+ Fp, Q)
in which positive values of Fa, Fg, and Fp indicate CO, absorption, while negative
values represent CO, emission. By comparing the difference between observed
carbon inventories Cop, (g C m?) and simulated carbon inventories under the
assumption that no vertical carbon flux occurs Csin (g C m™), Van Oost et al. obtained
values of Fg and Fp for ten watersheds in Europe and America. They also
discovered that the vertical fluxes (Fg, Fp) are linearly related to the lateral fluxes (Ec,
Dc, g C yr), with the linear coefficients being 0.11 ~ 0.55 and -0.24 ~ 0.21. The
average values of the two coefficients over all the sampled watersheds are 0.26 and O.
Accordingly, Van QOost et al. calculated the total CO, flux of the world’s small
watersheds to be 0.12 Pg C per annum, and concluded that small watersheds as a
whole act as a tiny CO, sink. However, because of the spatial variations of both
natural and anthropogenic factors, the ratios between the vertical and lateral fluxes in

other watersheds may be different, and the ten sampled watersheds in Europe and
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America cannot represent the overall situation of the world. Stallard (1998) suggests
that the sequestration ratio may vary from 0 to 100 % globally; Boix-Fayos et al.
(2009) discovered that the sequestration ratio gradually increases to 36 % in the
vegetation restoration regions. Moreover, the coefficients obtained by Van Oost et al.
display evident differences among the ten watersheds considered. When the
coefficients change (not 0.26 or 0), the direction and intensity of erosion-induced CO,
flux in small watershed need re-evaluation.

Let o and S represent ratios of the vertical carbon flux to the lateral carbon flux

in the watershed:

a-Fe 2)
E.,
and
Fo
ﬂ -1 D
D, (3)
so that
FA:OLE(;'FﬂDc, (4)
given
DC = EC — Tc, (5)

where T¢ is the organic carbon exported out of the watershed (g C yr'). Thus:

Fa=aEc+ g (Ec—Tc). (6)
Dividing Equation (6) by Tc¢:
F._,Ec, /,,[Ec_lj . ™
T. Te T

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

exported from the watershed via CO, emission (Fa) to SOC laterally exported out of
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the region with sediment (Tc). When the ratio is positive, the watershed represents a
CO; sink, and vice versa. The absolute value of the ratio represents the relative
intensity of CO, emission / absorption. Thus, the ratio Fa/T¢c can be regarded as an
indicator of the characteristics of the erosion-induced CO, flux in the watershed, and

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

(8)

ECR=FA
Tc

According to Equation (8), the total CO; flux of a watershed can be easily calculated
by multiplying ECR by T obtained from the lower end of the watershed. It should
be noted that

Ec = SOCk Es 9)
and

Tc=SOCT Ts, (10)
where SOCe and SOC+ are the organic carbon content within the eroded soil and
exported sediments respectively (g kg?), Es and Ts are the amount of soil erosion and
sediment transport (kg yr'). Given that the scale of the watershed is very small, it
takes a short time for the eroded soil to arrive at the lower end of the watershed. So

it is reasonable to suppose that:

SOCEg = SOC;. (12)
Thus,

E._E._ 1 : (12)

T. Ts SDR

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

Oand 1.



177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

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

flux type is as follows:

a+pf
ECR = -p. 13
sor 7 (13)
Equation (13) shows that, the indicator for CO; flux characteristics (i.e. direction and

intensity), ECR, varies with «, £, and SDR. In practice, the equation can be used to

discriminate the characteristics of the CO, flux for a given watershed.

3. Discrimination of CO; flux type in small watersheds

3.1. Classification of watershed based on characteristics of CO» flux

The above expression for ECR has the form of a hyperbola. Theoretically, ECR
has 4 forms according to the values of « and :

Form (1): a+ >0, a>0;

Form (2): a+f>0,a<0;

Form (3): a + <0, a > 0;

Form (4): o+ <0, a <0;

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

(1m0 A (14)
@ E.
and
(I CVD_OC,D) AD (15)

B =",
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where Ic is the input intensity of CO, from the atmosphere to soil (g C yr™), Oc is the
output intensity of CO, from the soil to atmosphere (g C yr); A is the area in m% and
the subscripts E and D represent erosion and deposition respectively. Within any
given small watershed, the input and intensity of CO, through photosynthesis at both
the eroding and the depositional sites can be presumed to be the same, so that
Ic.e=lc b (16)
The oxidation rate of SOC obeys first order dynamics. Within a single small
watershed, the first order oxidation coefficient ko (yr) leads to equal erosion and
deposition oxidation rates, such that
Oc,e=ko Ce (17
and
Oc,p=ko Cp, (18)
where Cg and Cp are the carbon inventories at the eroding and depositional sites (g C
m?). In general,
Ce<Cp, (19)
so that
lc,e—Oce>lc,e—OckE (20)
That is, if a <0, then f < 0. Therefore, a + f is also smaller than 0. Form (2) does
not exist.
Fig. 1 shows how ECR changes with SDR for each of the three types of
watershed. A watershed represented by Form (1) is always a CO, sink, whatever

the value of SDR, and we call it a Sink Watershed. A watershed of Form (3)
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transitions from a CO, source to a sink with SDR increasing from 0 to 1, and is
termed a Transition Watershed. A watershed represented by Form (4) is always a
CO; source no matter the value of SDR, and is called a Source Watershed. For a
Sink Watershed, ECR decreases as SDR increases. When SDR is equal to 1, ECR
has a minimum value of a.  So a reflects the basic capability for CO, sequestration
of a Sink Watershed. The decreasing gradient of the line from ECR|spr=1 tO
ECR|spr=05, [2:(a + )| indicates the sensitivity of CO, sequestration to the change in
SDR. The ECR of the Transition Watershed is positively correlated with SDR.
The critical SDR where ECR = 0 in the Transition Watershed is given by SDR., =1 +
alp. An increase in a or decrease in £ makes the critical point move to the right.
When SDR < SDR,,, the watershed acts as a CO, source; however, when SDR >
SDR,, the watershed acts as a CO, sink. In the Source Watershed, ECR increases
as SDR increases. When SDR is equal to 1, ECR reaches its maximum value of a.
So « reflects the basic capability for CO, emission of a Source Watershed. The
gradient of the line from ECR|spr=1 t0 ECR|spr=05, |2:(a + B)| again indicates the

sensitivity of CO, emission to changes in SDR.

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

or source?

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

either a CO; source (the Source Watershed or the source part of the Transition
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Watershed), or a CO, sink (the Sink Watershed or the sink part of the Transition
Watershed). Using experimental data from small watersheds published in the open
literature it is possible to discriminate the CO, flux type for each catchment. Tables
1 and 2 list the discriminant parameters of typical Sink Watersheds and typical Source

Watersheds.

4. Factors that influence the type of CO, flux in a watershed

4.1. Slow carbon pool model

Next a mathematical model is applied to study how natural and anthropogenic
factors affect the classification of CO, flux in a watershed. According to the
turnover time, the soil carbon pool can be classified into a rapid carbon pool which
consists of debris and microbes (with a turnover time of less than 5 years (Potter et al.,
1993; Li et al., 1994)), a slow carbon pool (stored in the top 20 cm, with a turnover
time of decades to centuries), and a passive carbon pool (with a turnover time of
thousands of years) (Stallard, 1998), of which the slow carbon pool is directly affected
by cultivation and erosion. The change of the slow carbon pool can be described as
follows (Stallard 1998; Liu et al., 2003):

In the erosion region,

dC. _
g s ketkodCetCoy (21)

and in the deposition region,



264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284
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dT

=12+ 15-KkoCeCus (22)
where Ce (g m?) and Cp (g m™) are the carbon inventories in the erosion and
deposition regions respectively, T (yr) is the cultivation period, 1g (g m? yr?) is the
carbon input intensity through photosynthesis, and Ip (g m? yr?) is the deposition
intensity. Suppose that oxidation and erosion obey first order dynamics, and let ko
(yr') represent the first order coefficient of carbon oxidation through microbial
process, which also reflects the turnover rate of the slow carbon pool, ke (yr?) is the
first order coefficient of erosion, and Cy (g m™ yr™) is the flux from / to the lower
carbon pool due to the elevation change of the top layer through erosion or deposition.

Csup Can be calculated using the erosion (deposition) rate and the SOC distribution.

Given that:
Fe=(Izs — ko Cg) Ag, (23)
Fo = (Is — ko Cp) A, (24)
Ec = ke Ce Ag, (25)
and
Dc = Ip Ap, (26)

where Ag and Ap (m?) represent the erosion and deposition areas respectively. Thus,

_ IB_kOCE
keCe | 27)
and
_ IB_kOCD
p o (28)

The average o and £ during the cultivation period T (yr) are:
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IBT_koJ.OTCEdt

S

K| Ceat (29)
E: I BT_TkoJ.O CDdt
Jy 1oct (30)

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

4.2 Model Validation

The model was validated using data taken from Van Oost et al. (2007). Three
watersheds with uniform sampling depth (0.5 m, see Fig. 2 for the profile of each
watershed) were selected, and the input parameters for the model were derived from
the **’Cs and SOC inventories (Table 3).

Fig. 3 compares the modeled & , B (Equation (21), (22), (29), (30)) during the
cultivation period with values directly obtained from field measurements. The

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

4.3. Sensitivity analysis

Is, ko, Dcu, T, Vg, and vp are basic input parameters representing the input
intensity through photosynthesis, turnover rate of the slow carbon pool, cultivation
depth, cultivation period, the yearly erosion depth and deposition depth respectively.
Other parameters can be derived from these basic ones (see notes below Table 3).

Since erosion provides the material for deposition, vp should be closely related to ve.
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Suppose the following linear relationship holds between ve and vp:

Vo _

Kr
Ve , (31)

where kg is a deposition coefficient representing the deposition intensity. Then, vp
can be written as a function of vg and kg. Herein, Ig, ko, Deu, T, Vg, and kg were
assigned the average of the values obtained by Van Oost et al. (2007), and then altered
by £20 %, one at a time. The results show that « is insensitive to Ig and kg, and is
positively correlated to T, ko, D¢y, and ve.  The three factors with greatest influence
on a are T (£17.1 %), ko (x11.8 %), and D¢y (£8.8 %). The coefficient of g is
positively correlated with ko and D¢y, and negatively correlated with vg, T, and kg. It
is insensitive to lg, but most affected by D¢y (£59.8 %), ve (+45.6 %), and T
(+36.4 %). Note that cultivation period and depth have the largest influence on for
both « and g, which implies that anthropogenic factors are most important in
determining the type of CO, flux in watersheds. It should therefore be possible to
control CO, flux through changing human activities. The significant influence of

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

(27):
s
da =- dc 32
keCE 2
and dividing by « to obtain
d_az_ |B dCE . (33)
a IB_kECE CE

In general (where erosion is not extremely severe),
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e o1 (34)
s —KeCe

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

parameter in the sensitivity analysis, leads to

da _,479Ce

a Ce . (35)

Equation (35) demonstrates the magnification effect. The influence of cultivation
period on £ can be similarly explained. D¢y exerts influence on o and g through ke.
Since kg = Ve/Dgy, the same variation in D¢ leads to a larger change in ke compared

1o VE.

4.4. Scenario Analysis

A series of scenarios has been conducted in order to study the conditions under
which each of the three types of watersheds occur. Table 4 lists the range of values
of ko, Deu, T, Vg, and kg selected as key factors that determine the type of a
watershed (given that « and g are both insensitive to Ig). First, the input intensity is
kept constant (I =75 g C m? yr* (Van Oost et al., 2007)), and three levels of values
(high, medium and low, Table 5) are selected within the range of each factor in order
to calculate the CO, flux type for every single combination. Then, the input
intensity is varied over the cultivation period (100 yr, while keeping ko, Dcul, Ve, and
kr at medium level) to simulate the impact of changing residue return on the CO; flux

type in a watershed (reduced or increased by 30 % respectively).
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(1) Steady input conditions. A total of 243 scenarios are combined according to
the parameters listed in Table 5. The results are summarized in Table 6. It appears
that choice of the lowest value of erosion intensity (ve = 0.0001 m/yr) always leads to
a Transition Watershed, regardless of the values assigned to the other parameters
(within the range considered). Choice of the highest value of erosion intensity (ve =
0.01 m/yr) invariably leads to a Sink Watershed. The conclusion that erosion
promotes CO, sequestration is supported by Liu et al. (2003). This is mainly
because erosion progressively exposes soil containing lower and more stable carbon,
diminishing CO, emissions. In the region where erosion intensity is moderate (vg =
0.001 m/yr), the period of cultivation becomes the primary impact factor. A medium
or long cultivation period (50 yr, 100 yr) leads to a Sink Watershed, whereas a short
cultivation period (25 yr) results in either a Transition Watershed or a Sink Watershed.
Liu et al. (2003) also pointed out that CO, emissions decreased while CO,
sequestration increased as time passed. When vg and T were set to 0.001 m/yr and
25 yr respectively, it can be seen that regions with a high depositional coefficient (kg =
1.05) are all Sink Watersheds, whereas regions with low depositional coefficient (kg =
0.35) are all Transition Watersheds. This is due to the hiding effect of deposited
sediment on the lower soil layer, which inhibits carbon decomposition, and is more
effective in regions with a high depositional coefficient. In watersheds with a
medium depositional coefficient (kx = 0.7), the turnover rate (ko) plays the
determining role. For low or medium values of ko (0.01 yr* or 0.02 yr'), a

Transition Watershed occurs. However, a high turnover rate (ko=0.04 yr™) results in
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either a Sink Watershed or a Transition Watershed. Next, by setting kg = 0.7 and ko
= 0.04 yr, it appears that the cultivation depth begins to act as the key factor. When
Dcu is shallow or modest (Dgy = 0.1 or 0.2 m), a sink Watershed results. A
Transition Watershed occurs in scenarios involving a relatively large cultivation depth
(Dcw = 0.3 m). This is because a more shallow cultivation depth corresponds to a
higher erosion coefficient (kg) when the erosion rate is the same, and thus is beneficial
for CO, sequestration. In summary, no Source Watershed appears under the steady
input scenario. Conditions of low erosion intensity, short cultivation period, low
depositional coefficient, slow carbon pool turnover rate, or large cultivation depth are
unfavorable for the formation of a Sink Watershed. It is important that basin
management is not mono-targeted. Instead, a holistic analysis is required taking into
account the effect of CO, flux control in terms of the economic, social, and
environmental impacts (Lal, 2010). For example, erosion intensity should not be
increased solely for the ex parte purpose of reducing CO, emissions.

(2) Sudden change in residue return. Fig. 4 illustrates three scenarios: (a)
constant residue return; (b) an abrupt decrease of 30 % in residual return at the 51%
year; and (c) an abrupt increase of 30 % in residue return at the 51% year. It is
evident from Fig. 4(b) that the sudden 30 % decrease in residue return is accompanied
by a sharp decrease in both o and a + £ taking them from positive to negative values,
associated with transformation from a CO; sink to a source. Although both a and a
+ f slowly increase afterwards, the watershed remains a source by the end of the

simulation at 100 years. By continuing the simulation beyond 100 years, it was
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found that the region alters to a Transition Watershed in the 110™ year, and later
returns to a Sink Watershed in the 175" year.  Fig. 4(c) shows that the sudden 30 %
increase in residue return leads to an equally abrupt increase in both « and a+f. In
this case, a, the capability of the watershed to sequester CO,, increases by a factor of
5.4. Although both a and a+p slowly decline with time, they appear to saturate. It
appears that the basic CO; sequestration still remains 2.4 times as much as the level at
the 50™ year immediately before the abrupt increase in residue return.  In summary, a
decrease in the residue return leads to a sudden transformation towards a Source
Watershed, whereas a sudden increase in the ratio of residue return is beneficial for

CO; sequestration.

5. Conclusions

There is controversy in the literature as to whether a small watershed under
erosion represents a CO, sink or source. To help resolve this controversy, the
present paper has developed a discrimination model to investigate the directional and
intensity characteristics of CO, flux. The model can be used to categorize small
watersheds into the Sink Watersheds, Source Watersheds and Transitional Watersheds,
noting that a small watershed can be either a CO, sink or source. To evaluate the
model, input data are required on the ratios of the vertical and lateral carbon fluxes at
both the eroding site and the depositional site, and the Sediment Delivery Ratio of the

region. By means of parameter and scenario studies, it is demonstrated that the type
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of a watershed is influenced by both natural and anthropogenic factors, with the latter
being most important.  This raises the interesting possibility of effective CO, flux
control through changing human activities in a given small watershed. Sink
Watersheds are less likely to result in conditions of low erosion intensity, short
cultivation period, low depositional coefficient, slow carbon pool turnover rate, and
large depth of cultivation. An abrupt decrease in the residue return may lead to a
sudden transformation towards a Source Watershed. In contrast, an abrupt increase
in the ratio of residue return is beneficial for CO, sequestration. It is hoped that the

present paper will contribute to our understanding of CO, flux control.
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Table 1

Discriminant Parameters for Typical Sink Watersheds °.

LCF® VCF°®
No (@m?yrt) @m?yr?) al B
E ¢ D® E ¢ D®
1 13.2 9.6 2.5 0 0.19 0.00
2 12.8 6.8 5.7 14 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

& According to Van Oost et al., 2007.
Lateral Carbon Flux

Vertical Carbon Flux

Erosion

Deposition

" a=VCFg/LCFg

g ﬁ = VCFD/ LCFD



545 Table 2

546 Discriminant Parameters for Typical Source Watersheds °.
Foc® CF*® Ct'
j k
-1 2 -1 -2 * ﬂ
No (yr) (@m=yr) (gm™)
he k¢ cr’ Ec?
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 -
547 & According to Jacinthe and Lal, 2001
548 ® First Order Coefficient
549 °  First order coefficient of humification
550 9 First order coefficient of oxidation
551 ¢ Carbon Flux
552 " The input intensity of crop residues
553 9 The lateral flux of eroded carbon
554 " The local carbon inventory
555 ' a=(Crxh-CtxKk)/Ec
556 I The depositional part of the watershed is not included in Jacinthe and Lal’s study.
557 However, the type of CO, flux in the watershed is not affected, since a < 0 (see Fig.
558 1).

559
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Table 3

Parameters used in the verification of slow carbon model.

No® 1 DS Do’ T Crof Ve Vo' Co'  Cal ko ke

4 75 05 03 42 3617 3.15x10° 1.91x10° 18139 2957 0.0254 0.0105
5 75 05 022 46 3540 2.27x10° 1.91x10° 17476 2429 0.0310 0.0103

7 75 05 02 46 4633 1.22x10° 0.668x10° 21461 2876 0.0262 0.00611

Original serial number in Van Qost et al’s [2007] work.

Rate of carbon input from crop residues (g m™ yr?)

¢ Sampled depth ( m)

Cultivation depth (m)

Cultivation period (yr)

Carbon inventory of the sampled layer (g m™)

9 Erosion rate (m yr™), derived from **’Cs inventory at the erosion sites.
Depositional rate (m yr), derived from **'Cs inventory at the depositional sites.

' Carbon concentration at depth 0 m (g m™), C.-C./["Cr e See the definition of

Cr,in Fig. 2.

I Carbon inventory of the cultivation layer (g m?), —C.]7Cr.e

%" First order carbon losses through oxidation (yr™), ko = lg / Ceu

' First order carbon losses through erosion (yr?), ke = Ve / Deu. Dew (M) is the

cultivation depth. The cultivation layer would be completely mixed after plough.
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Table 4

Range of each factor used in scenario analysis.

ko (yr?) ve (M yr?) kg Deut (M)

T (yr)

1/30~1/120 2 0.0001~0.01 " 0.35~1.05¢  0.1~0.3¢

0~100°

% From Potter et al., 1993

® " Form Billings et al., 2010 and Montgomery, 2007
European Average varied over + 50 %

data from experienced agricultural managers

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



585 Table 5

586 Parameter values selected for scenario analysis.
Level
Parameter
Low Medium High
ko (yr™) 0.01 0.02 0.04
ve (myr?) 0.0001 0.001 0.01
ke (-) 0.35 0.7 1.05
Deu (M) 0.1 0.2 0.3
T (yn) 25 50 100
587

588
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Table 6

Types of watersheds for each of the 243 scenarios.

VE T Kr Ko Dcul Type of watershed
L? o® o o o Transition
HP o o o o Sink
M° M o o o Sink
e H o o o Sink
_ L H o o Sink
_ - L o o Transition
- - M L o Transition
_ - - M o Transition
_ - - H L Sink
_ - - - M Sink
_ - - - H Transition

® Low Level

® Medium Level

¢ High Level

¢ Ditto mark

Indicating the three levels of value lead to the same watershed type.
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Figure Captions

Fig. 1. Watershed classification based on CO; flux.

Fig. 2. SOC profiles employed in the verification of slow carbon pool model, where
(@), (b), and (c) are the SOC profiles of the No. 4, 5, and 7 watersheds considered by
Van Oost et al. (2007); z is the soil depth (m), Cr; is the ratio of carbon concentration

atz (m) C, (g m™) to the carbon concentration in the top layer Co (g m™).

Fig. 3. Comparison between the simulated and averaged o and j

Fig. 4. Impact of different residue return scenarios on the CO; flux characteristics of a

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

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