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Abstract Soil organic carbon (SOC) loss caused by wind erosion can profoundly impact carbon
(C) balance in arid and semiarid regions. Nevertheless, previous researches mainly focused on the direct
effect of wind erosion through removing surface soil only but ignored its indirect effects associated with soil
nitrogen (N) loss and subsequent reductions of plant productivity. To better understand the wind erosion
effect on SOC storage, we conducted a large-scale field experiment by manipulating wind erosion at 371
sites in arid and semiarid regions of northwest China from 2014 to 2016. We further integrated an
observation-based empirical equation of wind erosion process into a terrestrial biogeochemical model to
evaluate the direct and indirect effects of wind erosion on SOC storage in northwest China. The observed
results showed that direct SOC losses increased linearly with the square of wind speed but decreased
nonlinearly with soil water content. Over the 34 years (1980-2013), simulated cumulative SOC losses
associated with wind erosion in northwest China were 27.47 Tg C, among which the indirect effects
contributed to 2.68 Tg C (9.76%). The indirect effect of wind erosion initially enhanced SOC storage by
decreasing heterotrophic respiration from 1984 to 1988 but decreased SOC pool by reducing net primary
productivity due to soil N loss under the long-term wind erosion scenario. This work, for the first time,
quantified the indirect impact of wind erosion on SOC storage via feedback of suppressed plant productivity,
which is crucial for the convincing assessment on SOC storage in arid and semiarid regions.

Plain Language Summary Understanding the magnitude of soil organic carbon (SOC) loss
caused by wind erosion is beneficial to assess SOC storage in arid and semiarid regions. Through
integrating an empirical relationship of direct SOC loss with environmental factors from a large-scale field
experiment by manipulating wind erosion into a terrestrial biogeochemical model, we simulated wind
erosion effect on SOC storage in northwest China from 1980 to 2013. Results showed that wind erosion not
only directly removed SOC but also decreased soil nitrogen content, leading to a reduction of plant
productivity, and thus indirectly decreased SOC storage. This study reveals that omitting plant feedback due
to soil nitrogen loss could underestimate wind erosion effect on SOC storage.

1. Introduction

Soil is the largest carbon (C) pool (~2,300 Pg C) in global terrestrial biosphere (Batjes, 1996; Lal, 2003). A
small change in soil organic C (SOC) storage may lead to a large variation of ecosystem C exchange between
the terrestrial biosphere and the atmosphere (Chappell et al., 2016). Wind erosion is one of the natural pro-
cesses influencing ecosystems, especially in arid and semiarid regions (Shao et al., 2011). For example, wind
erosion can both directly and indirectly affect SOC storage (Yan et al., 2005). SOC can be directly removed by
wind erosion through displacing soil organic matter from land surface to the atmosphere (e.g., dust
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emission), and this physical process-induced SOC loss has been demonstrated by many previous studies
(Borrelli et al., 2017; Hagen, 2002; Lal, 2003; Webb et al., 2012). An estimated 2,000-Mt dust is emitted
globally by wind erosion (Shao et al., 2011), and thus, omitting SOC losses associated with wind erosion
would lead to an overestimation of potential C sink (Chappell et al., 2016). Given the reduction of substrate,
heterotrophic respiration (Ry,) is indirectly decreased by the direct SOC loss (Bremer & Kuikman, 1994). In
addition, wind erosion can indirectly influence SOC storage via plant feedbacks to soil (Gregorich et al.,
1998). However, the magnitude of this indirect effect is rarely quantified, posing challenges for the convin-
cing assessment on ecosystem C sequestration in arid and semiarid regions.

Wind erosion leads to losses of not only SOC but also soil nitrogen (N; Li et al., 2004). Given the well-
documented limitations of soil N on plant productivity (Lu et al., 2011; Xia & Wan, 2008), soil N loss reduces
plant photosynthesis rate (Luo et al., 2004), net primary productivity (NPP; LeBauer & Treseder, 2008; Lu
et al., 2011), and subsequently SOC accumulation (Fontaine et al., 2007; Leff et al., 2012; Liu et al., 2009).
However, no evidence on how and to what extent the feedback of decreased plant productivity affects
SOC storage associated with wind erosion has been reported.

The water-limited ecosystems in northwest China have been well known to suffer from wind erosion (Lal,
2003; Shao et al., 2011; Song et al., 2016). In order to comprehensively evaluate the impacts of wind erosion
on soil C storage in this region, we assessed both direct and indirect effects of wind erosion. We first carried
out large-scale field experiments at 371 sites in arid and semiarid regions of northwest China during
2014-2016 (Figure 1) and then developed a relationship of direct SOC loss caused by wind erosion with
environmental factors. The Community Atmosphere Biosphere Land Exchange (CABLE) model (Wang
etal., 2010; Zhang et al., 2013, 2011) was further improved to simulate the feedback of wind erosion-included
N-limitation on C storage. The objectives of this study were to (1) estimate the 34-year (1980-2013) direct
effect of wind erosion on SOC storage and (2) explore the mechanism and magnitude of indirect effect of
wind erosion on SOC storage in northwest China.

2. Materials and Methods
2.1. Sampling Sites and Experimental Design

The arid and semiarid regions in northwest China encompass territories of eight different provinces in China
with a total area of 4.64 X 10° km? (Figure 1). The mean annual precipitation is below 400 mm in most of the
region that is dominated by grassland and desert ecosystems (Song et al., 2016). From 2014 to 2016, extensive
field experiments were conducted in northwest China, covering a longitude from 76.3 to 117.5°E and a
latitude from 36.1 to 48.2°N. The ecosystem types consist of grasslands, croplands, shrublands, and
deserts (Figure 1).

Over the experimental period, 371 sites were selected for studying the effects of wind erosion on SOC storage.
Disturbance of wind erosion on soil surface was manipulated by a wind fire extinguisher (Figure S1 in the
supporting information). Wind speed was varied by changing the accelerator magnitude of the wind fire
extinguisher. The quadrat (1 x 1 m?) was surrounded by plastic plate to prevent soil blown out of the
quadrat. The 1 X 1 x 1-m> wind-proof collection bag was used to collect the soil blown by the wind fire
extinguisher. To ensure the uniformity of the wind disturbance, we randomly inserted five rulers into the soil
to record the thickness of the soil that was removed by wind. The wind direction was regulated by the angle
between the plastic plate on the wind fire extinguisher and the soil surface. In the spring (April and May) of
2014, we controlled the wind speeds at 12, 16, 21, or 25 m/s to disturb the land surface for 30 s at 49 sites in
Inner Mongolia. The wind speed and duration were measured using anemograph and chronograph, respec-
tively. To explore the temporal difference of wind erosion effect, we selected 64 sites in Inner Mongolia with
the disturbance of 25-m/s wind speed in the autumn (September and October) of 2014. The wind speed was
set at 25 m/s to assess the spatial difference of wind erosion effect in five provinces of northwest China in
spring of 2015 (84 sites) and 2016 (174 sites). The wind erosion treatment was replicated three times at each
site within an adjacent range (10 m).

The soil samples were transferred to the lab to measure SOC content and soil water content (SWC). The SOC
content was analyzed by an element analyzer (Vario MACRO cube, Elementar INC., Germany). The SOC
content of the soil samples represented the observed SOC loss under the wind erosion treatment. The
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Vegetation type
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Figure 1. Study area and field sampling sites. Vegetation type is provided by the MODIS product from https://lpdaac.usgs.gov/get_data.

SWC was measured using the gravimetric method. The soil bulk density of soil surface (0-10 cm) was
determined at each site. The volumetric water content (V/V%) used in this study was calculated by weight
water content and soil bulk density.

2.2. Model Description

The CABLE model is a C-N coupled global land surface model, which has been used to simulate terrestrial
biophysical and biogeochemical processes (Wang et al., 2010, 2011). It includes five submodels: canopy
radiation, canopy micrometeorology, surface flux, soil and snow, and biogeochemical cycles. The CABLE
model simulates both C and N cycles, including effects of N limitation on NPP (C input to soil) and soil
microbial respiration (C loss from soil), therefore dynamics of SOC.

The CABLE model has been evaluated by experimental observations (De Kauwe et al., 2017; Zaehle et al.,
2014), eddy flux measurements (Best et al., 2015), and satellite data sets (Piao et al., 2015) in many model-
data comparison studies. These studies have indicated that the performance of CABLE model is generally
consistent with other terrestrial ecosystem models.

2.3. Incorporating Wind Erosion Process Into the CABLE Model

For this study, we simulated the direct effect of wind erosion on SOC storage as the SOC loss (Cjg) in each
SOC pool (Cpeo1)- The arid and semiarid regions in northwest China are important dust sources on the land
surface. The dust rose from northwest China mainly influences eastern China, Korea, Japan, and even the
Pacific Ocean (Shao et al., 2011; Uno et al., 2009). Previous studies have demonstrated that silt- and clay-size
particles (<20 um) can be always removed by wind erosion (Chen & Fryrear, 2002; Kok, 2011; Li et al., 2004;
Webb et al., 2012). Thus, we assumed that the silt and clay (<20 um) associated soil C and N removed by
wind erosion would be deposited outside the model domain, and the sand (>20 um) associated soil C and
N would not be lost by wind erosion and remain in the same grid cell. The Cp,, under the wind erosion
scenario in CABLE model was calculated as

Cpool = Cpooixsand. % + max (0, CpooX(silte % + clay, %)—Closs ) @

where sand.%, silt.%, and clay.% were contributions of organic C in sand, silt, and clay in soil surface to total
SOC, respectively. Li et al. (2018) has indicated that contribution of organic C in fine fraction (<20 pm) to
total SOC was 54.03%, and thus, silt.% plus clay.% was 54.03% and sand.% was 45.97% in this study.
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Direct soil organic N loss (Nj,s) and soil mineral N loss (Nm,ss) by wind erosion were calculated by

Nioss = ClossXRN/C (2)
leoss = N]OSSXRNm/N (3)

Rn/c was defined as the ratio of N and C in soil pool in the CABLE model. Ryy,n Was 0.00007 and
represented the ratio of soil mineral N and soil organic N, which was observed in a long-term experiment
in grassland (Lei et al., 2018; Niu et al., 2011). Thus, the soil organic N pool (Npo01) and soil mineral N pool
(Nmyp,,1) under wind erosion scenario were expressed as

Npool = Npoorxsandy % + max (0, Npooi X (silty % + clay,, %) —Nioss ) 4

NmMypoor = NMpoexsandy % + max (0, NmpooiX(silty % + clay,, %) —Nmyes ) (5)

where sand, %, silt,%, and clay,% were the contributions of N in sand, silt, and clay in soil surface to total soil
N, respectively. silt,% plus clay,% was 58.41%, and sand,% was 41.59% (Li et al., 2018). Given the N but not
phosphorus (P) limitation on plant growth in the study region (Niu et al., 2010; Xia et al., 2009), P loss asso-
ciated with wind erosion was not considered in this study. Soil C and N losses caused by wind erosion
occurred when wind speed was greater than zero. Cjogs, Nioss, and Nmy,ss Wwould be zero when all slit and clay
in soil were removed entirely.

The indirect effect of wind erosion on SOC storage was calculated by the response of plant productivity to N
loss under wind erosion scenario. In CABLE model, NPP was calculated as

NPP = GPP(L, Vemax jimax) — 2 Remi (Ni)—Rg (N/P) (6)

where L was the canopy leaf area index, veyax and jyax were the maximum carboxylation rate and maximum
rate of potential electron transport of the leaves at the canopy top, respectively, both were dependent on leaf
N (g N/m?) based on the relationship developed by Kattge et al. (2009) for different plant functional types
(Wang et al., 2012). Rp,; and R, were the maintenance respiration of plant tissue (i = leaf, wood, or root)
and growth respiration rate, respectively. Ry,; was a function of tissue N amount (Zhang et al., 2013). R,
varied with leaf tissue N and P ratio (g N/g P; Zhang et al., 2013). The N concentration in plant tissues (leaf,
wood, or root) depended on plant N uptake and the allocation of N uptake among different tissues (Wang
et al., 2010). Plant N uptake depended on the demand that was calculated as a function of allocated NPP
and optimal tissue Ry,c and supply (e.g., available soil mineral N). When supply was lower than demand,
plant N uptake was reduced, and leaf tissue Ry,c was lowered, so did Vemax and jnax thereby NPP. Ry, in
the CABLE model was the CO, release of the decomposition of litter C and SOC (Wang et al., 2011). Net
ecosystem productivity represented the difference between NPP and Ry. The C flux from the atmosphere
to ecosystem was defined as a positive value and that from ecosystem to the atmosphere was defined as a
negative value.

Litter decomposition rate depended on litter quality (lignin:N ratio) and was reduced when litter decompo-
sition was N-limited (Wang et al., 2007). Litter C dynamic (Ld) was calculated as

Ld = Tplantxcplant_Xlitter XTlitterXClitter (7)

®

. Ts0il X Csoil Xsoil
Xiiter = Mmin (1.0,

Tlitter XClitter ~ 0-60s0il —itter

where Tylant, Tiitters and Tgoji Were the rate constants for the plant, litter, and soil C pools, respectively.
Cplant Clitter» and Cyoj Were the size of plant, litter, and soil C pools, respectively. The reduction factor
of litter C decomposition (Xjiier) Was limited by the ratio of N and C of soil organic matter (o) and
plant litter (ojer)- Therefore, the decrease of soil N pool by wind erosion limited plant productivity,
leading to the reduction of C input from litter to soil and thus indirectly influenced SOC storage in the
CABLE model.
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2.4. Model Inputs and Simulations

CABLE was driven by the external forcing variables including air temperature, precipitation, downward
shortwave radiation, downward longwave radiation, specific humidity, pressure, wind speed, surface atmo-
spheric CO, concentration, and atmospheric N and P deposition. In this study, the meteorological forcing
variables were taken from 0.5° X 0.5° CRUNCEP version 5 (New et al., 1999, 2000, 2002) from 1901 to
2013 and interpolated into hourly for driving CABLE (Zhang et al., 2016). The atmospheric CO, concentra-
tion was the observed record over 1901-2010 (Keeling & Whorf, 2005), and the data of atmospheric N and P
deposition rates we used in this study were from Hartmann et al. (2014). CABLE (without wind erosion pro-
cess) was firstly spin-up from 1901 to 1910 forced by CRUNCEP data and an atmospheric CO, concentration
of 296.64 ppm (e.g., 1901 level). A semianalytical solution method was used to accelerate the spin-up to
steady state of coupled C-N-P processes in CABLE (Xia et al., 2012). Then, we ran CABLE (without wind ero-
sion process) over 1901 to 1979 to provide a restart file at 1980 for our experiment in this study. Finally, we
conducted the control simulation (CABLE without wind erosion) and the treatment simulation (CABLE
with wind erosion) over 1980 to 2013. The treatment simulation has outputs of direct SOC loss by wind
(Cyoss-based field experiment equation with environment factors, see equation (10)), Ny (equation (2)),
Nmy,s (equation (3)), and annual total Cpe and Nyl

The simulated absolute effect of wind erosion on C or N pool in CABLE model was calculated as
Absolute effect = Treatment—Control 9

where the Control and Treatment represented the simulations under the control and wind erosion scenarios,
respectively. Thus, the reduction of C or N pool associated with wind erosion was defined as a negative value
and the increase of C or N pool associated with wind erosion was defined as a positive value in the CABLE
model. The simulated indirect SOC change was calculated by the difference between total SOC change and
direct SOC loss.

3. Results
3.1. The Temporal and Spatial Patterns of Observed SOC Losses by Wind Erosion

The observed SOC losses under the wind erosion treatment with 25 m/s wind speed were different between
the spring and autumn of 2014 (Figures 2a and 2b). The averaged SOC loss in spring (66.91 mg C-m~%s™")
was larger than that in autumn (22.90 mg C-m™~%s™"). The observed SOC losses were highly variable from
east to west with a range from 1.69 to 452.91 mg C-m~>-s™" in the spring of 2014 (Figure 2a). In the autumn
of 2014, SOC losses varied from 1.57 to 127.23 mg C-m™~2s~" (Figure 2b). Higher SOC losses (>50 mg C-m
~2.s71) under the wind erosion treatment were detected in southwestern Inner Mongolia in the autumn
of 2014. Greater SOC losses (>50 mg C-m~%s™") were mainly observed in western Inner Mongolia (Ala
Shan Desert) and Gansu in 2015 and 2016 (Figure 2c). Across the 2 years, SOC losses were, on average,
29.11 mg C-m™ s, varying from 0.01 to 375.83 mg C-m~>:s™". The averaged SOC loss was 14.19 mg C-m
=257 in 2015 and 36.29 mg C-m 25" in 2016.

3.2. Relationships of SOC Losses With Environmental Factors

Using the field measurements, we analyzed how SOC losses varied with different environmental factors,
particularly wind speed and SWC in the semiarid or arid regions. We used square of wind speed (U?) instead
of wind speed because U? represents the linear relationship of the magnitude of wind power onto the mass of
soil on the ground. Our data showed that the observed SOC losses increased with increasing U in the spring
of 2014 (Figure 3a). The averaged SOC losses were 9.82, 36.38, 47.33, and 66.91 mg C-m~2s ! under U? of
144, 256, 441, and 625 m?/s?, respectively.

To evaluate the relationship of SOC losses with SWC, we averaged the measured SOC losses under the same
SWC (accurate to 1 V/V%) with 25-m/s wind speed from 2014 to 2016. Observed SOC losses showed non-
linear response to SWC (Figure 3b). With increasing SWC (mean + SE) from 0.52 to 25.44 V/V%, SOC losses
decreased from 38.54 to 5.86 mg C-m~-s*. The highest and lowest values of the observed SOC losses were
46.62 + 22.76 and 1.52 + 0.85 mg C-m™%s~! with the 5.52 + 0.07 and 14.38 + 0.08 V/V% SWC, respectively.
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Figure 2. Observed soil organic carbon (SOC) losses under the wind erosion treatment with 25-m/s wind speed in Inner Mongolia in the (a) spring and (b) autumn

0f 2014 and (c) in northwest China in the spring of 2015 and 2016. (1) Inner Mongolia, (2) Hebei, (3) Shanxi, (4) Shaanxi, (5) Ningxia, (6) Gansu, (7) Qinghai, and (8)
Xinjiang.
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Figure 3. (a) The relationship of observed soil organic carbon (SOC) losses with the square of wind speed in the spring of 2014 in Inner Mongolia. The black circles

are the averaged SOC losses under the four wind speed treatments. (b) The relationship of observed SOC losses (mean + standard error) with soil water content
under the wind erosion treatment with 25-m/s wind speed from 2014 to 2016.
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Figure 4. Relationship between simulated soil organic carbon (SOC) loss
and observed SOC loss. The black line is 1:1 line.

Observed SOC loss (mg C m? s'1)

change in SOC pool in northwest China associated with wind erosion
included direct SOC change and indirect SOC change using the CABLE
model (Figure 5). In this region, the total cumulative change in SOC pool
ranged from an increase of 0.25 g C/m” to a reduction of 152.33 g C/m”
(Figure 5a). Greater intensity of SOC losses (>10 g C/m?) occurred in
eastern Ningxia, western Inner Mongolia, and central Xinjiang than other
areas. The direct effect of wind erosion reduced SOC pool across all the areas in this region, with the largest
cumulative SOC loss of 126.44 g C/m? over the 34 years in a certain area (Figure 5b). The indirect effect of
wind erosion on SOC pool in northwest China ranged from —32.56 to 9.96 g C/m” over the 34 years
(Figure 5c). The SOC pool induced by the indirect effect of wind erosion increased (>1 g C/m?) in eastern
Ningxia but reduced (< —1 g C/m?) in central Xinjiang. Indirect cumulative SOC change offsets direct
cumulative SOC loss, leading to an increase in SOC storage in some areas, such as central of Inner
Mongolia (Figure 5a).

3.4. Interannual Variations of Ecosystem C and Soil N Pools and SOC Losses

The cumulative losses in plant C pool, SOC pool, and soil N pool caused by wind erosion all showed
increasing trends in northwest China from 1980 to 2013 (Figures 6a and 6b). Litter C pool was enhanced
by wind erosion during the first 9 years in the 1980s, with the largest increase of 0.82 Tg C in 1984, but
was reduced from 1989 to 2013 (Figure 6a). The enhanced litter C pool in the 1980s could be ascribed to
the decrease in decomposition rate associated with N limitation (equations (7) and (8)). The declining trend
of litter C pool after 1984 might be caused by the reduced input from plant biomass. By 1989, the total litter C
pool fell below the initial pool size in 1980.

The maximum and minimum of annual direct SOC losses were 0.87 Tg C/year in 1980 and 0.61 Tg C/year in
2013, respectively (Figure 6c). SOC pool was rapidly reduced from 1981 to 1983 due to indirect effect of wind
erosion (Figure 6d). By contrast, indirect effect of wind erosion led to an increase in SOC accumulation over
the next 5 years with the highest value in 1985 (0.04 Tg C/year). After 1988, the contribution of indirect effect
of wind erosion to total SOC loss was intensified with time until 1997 when the largest reduction of
0.14 Tg C/year was detected. After that, the indirect SOC losses were generally alleviated over time.

3.5. Spatial Patterns of Wind Erosion Effect on C Fluxes

Over the 34 years, changes of mean annual NPP by wind erosion ranged from —5.57 to 0.08 g C-m™%year™*
in northwest China (Figure 7a). Greater reduction of NPP (>1 g C-m~2-year™ ") mainly occurred in western
Inner Mongolia and central Xinjiang. Mean annual R}, was declined in western Inner Mongolia and central
Xinjiang, with the largest reduction of 3.92 g C-m™>year™" (Figure 7b). Thus, changes of mean annual net
ecosystem productivity caused by wind erosion showed a large spatial variation in northwest China over the
34 years (Figure 7c). Mean annual net ecosystem productivity was increased (>0.1 g C-m™%year™) in
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Figure 5. Spatial patterns of (a) total, (b) direct, and (c) indirect cumulative soil organic carbon (SOC) change associated
with wind erosion in northwest China over the time period from 1980 to 2013.

eastern Ningxia but reduced (< —0.1 g C-m™2-year ') in central Xinjiang by wind erosion, which was
consistent with that of indirect cumulative SOC change.

3.6. The Effect of Wind Erosion on Different Components of Ecosystem C and N Pools

Over the 34 years, wind erosion directly reduced soil C and N pools by 24.79 Tg C and 1.52 Tg N, respectively,
in northwest China (Figure 8). The CABLE model used in this study, for the first time, considered the feed-
back of soil N loss to plant productivity as well as plant and soil C pools. Results showed that soil N loss
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Figure 6. Simulated cumulative changes in (a) plant C pool, litter C pool, soil organic carbon (SOC) pool, and (b) soil N pool associated with wind erosion in north-
west China from 1980 to 2013. Annual dynamics of SOC pool change induced by (c) direct and (d) indirect effects of wind erosion in northwest China over the
34 years. The shaded areas represent the standard error of simulations in this area.

associated with wind erosion reduced NPP (Figure 7), leading to decreased plant C pool (5.13 Tg C) and
subsequent litter C pool (2.67 Tg C). Given the reductions of C input from plants to soil (e.g., NPP) and C
output from soil (e.g., Ry,), SOC storage was indirectly decreased by 2.68 Tg C over the 34 years. Thus, the
total reduction of SOC storage in northwest China associated with wind erosion was 27.47 Tg C over
the 34 years.

4. Discussion
4.1. The Relationships of Direct SOC Losses With Environmental Factors

Several previous studies focused on the relationship of direct SOC loss caused by wind erosion with environ-
mental factors in laboratory or site-scale experiments (Dong et al., 2002; Maurer et al., 2006; Xue et al., 2011),
but the results are difficult to be extrapolated to the regional scales. In this study, we conducted a large-scale
field survey in the arid and semiarid regions of northwest China, covering more than 3,500 km from east to
west (Figure 1). Previous studies have demonstrated that wind speed and soil water content are important
environmental factors affecting SOC loss caused by wind erosion (Chen et al., 1996; Dong et al., 2003).
Our results also showed that SOC loss associated with wind erosion positively depended upon wind speed
and was negatively related with soil water content (Figure 3). The variations of SOC loss with wind speed
have been demonstrated by many experimental studies (Gomes et al., 2003; Munson et al., 2011). Since
kinetic energy is positively correlated with the square of velocity, wind erosion rate increases with wind
speed (Dong et al., 2003). In arid and semiarid regions, soil water content is an important resistance factor

LET ET AL.

833



Journal of Geophysical Research: Biogeosciences 10.1029/2018JG004804

(a)
50°0'0"N
40°0'0"N+
30°0'0"N— - . : - |
80°0'0"E 90°0'0"E 100°0'0"E 110°0'0"E 120°0'0"E
Mean annual NPP change (g C m2y™)
L | I [ [ |
-6 -4 -2 -1 -0.1 0 0 0.1
(b)
50°0'0"N-
40°0'0"N—
30°0'0"N- ’ r | r |
80°0'0"E 90°0'0"E 100°0'0"E 110°0'0"E 120°0'0"E
Mean annual Rh change (g C m?y™)
| [ [ l |
-4 -2 -1 -0.1 0 0 0.1
50°0'0"N-]
40°0'0"N
30°0'0"N- T T . T T
80°0'0"E 90°0'0"E 100°0'0"E 110°0'0"E 120°0'0"E
Mean annual NEP change (g C m?y”)
| I [ [ I |
2 44 05 01 0 0 01 05

Figure 7. Spatial patterns of wind erosion effect on mean annual (a) net primary productivity (NPP), (b) heterotrophic
respiration (Rh), and (c) net ecosystem productivity (NEP) in northwest China over the time period from 1980 to 2013.

that influences the magnitude of SOC loss associated with wind erosion (Chen et al., 1996; Dong et al., 2002).
Lower soil water content leads to a reduction of cohesive force (Chen et al., 1996), and thus dry soil is more
likely to be blown away by the wind (Yan et al., 2002). The lower observed SOC losses in the autumn than
spring of 2014 (Figures 2a and 2b) could be attributed to the greater soil water content in the autumn (Figure
S2) due to that the majority of precipitation occurs in May to October in the arid and semiarid regions (Feng
et al., 2016; Lei et al., 2018). Due to the larger SOC loss associated with wind erosion in spring, most field
surveys in this study were conducted in the spring of 2014-2016.
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Figure 8. Diagram of direct and indirect effects of wind erosion on ecosystem carbon (C) and soil nitrogen (N) pools. The negative values show C or N losses. The
solid and dash lines represent the direct and indirect effects of wind erosion on ecosystem C or N pools, respectively. NPP = net primary productivity.

4.2. The Direct Effect of Wind Erosion on SOC Storage

Greater SOC losses in eastern Ningxia, western Inner Mongolia, and central Xinjiang (Figure 5b) directly
caused by wind erosion simulated by the CABLE model in this study is in agreement with the potential dust
source regions by Shao et al. (2011). The simulated dust emission (401.10 Tg soil/year) of Song et al. (2016)
and SOC loss (75 Tg C/year) of Yan et al. (2005) are both larger than the direct SOC loss (0.73 Tg C/year) in
the CABLE model in this study. This lower SOC loss is because the percentage content of sand is fixed and
soil particle smaller than 20 um in diameter is selectively removed by wind erosion (equation (1)), which is
fitted with the observed soil particle diameter in dust emission (Chen & Fryrear, 2002). The attenuation of
annual direct SOC loss (Figure 6¢) could be ascribed to the reduction of fine particle content in soil surface
(equation (1); Xue et al., 2011). Although the empirical model (equation (10)) can fit well the field observa-
tions (Figure 4), it has been reported that soil loss by wind erosion could be also affected by other variables,
such as soil texture (Calzo & Buschiazzo, 2010; Zamani & Mahmoodabadji, 2013), surface roughness (Hagen,
2008; Visser et al., 2004), and climate change (Xue et al., 2011). Therefore, accurate assessments on the
effects of environmental factors on direct SOC loss in large-scale experiments are necessary to better predict
SOC storage under the wind erosion scenario.

4.3. The Indirect Effect of Wind Erosion on SOC Storage

Great research efforts have been devoted to the impacts of wind erosion on soil C storage at regional and
global scales (Borrelli et al., 2017; Shao et al., 2011; Yan et al., 2005). Nevertheless, the indirect effect of wind
erosion on soil C pool through removing soil N and thus suppressing plant productivity and C input have
never been explored. In this study, data of SOC loss derived from the field investigation and sampling
were used to parameterize the CABLE model and then simulated the indirect effects of wind erosion over
the time period from 1980 to 2013. At the regional scale, the 9.76% contributions of indirect effect of wind
erosion to total SOC loss in northwest China (Figure 5) suggest that SOC storage would be overestimated
if we neglect plant productivity feedback to SOC pools under the wind erosion scenario. The enhanced
SOC storage by indirect effect of wind erosion in eastern Ningxia (Figure 5c) is attributed to the reduction
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of C output from soil (Figure 7b). Though decreased Ry, offsets NPP loss resulting in the increase of SOC sto-
rage in some areas, indirect ecosystem C loss was aggravated with the increase of direct cumulative SOC loss
associated with wind erosion (Figure S3).

Over the 34 years, due to the N limitation on litter decomposition rate (equations (7) and (8)), litter C pool
increased in the first 9 years (Figure 6a). Decreased C output from soil offset the reduction of C input from
litter to soil, leading to the increase of SOC storage from 1984 to 1988 (Figure 6d). However, when soil N loss
is intensified with time by wind erosion (Figure 6b; Li et al., 2004), plant growth is restricted by lowered soil
N availability (Luo et al., 2004; Thomas et al., 2015). Reduced soil N availability leads to suppression of leaf
area, leaf photosynthesis, and leaf-N content (Zhao et al., 2005). The changes of leaf area and photosynthetic
capacity directly influence plant productivity (Sinclair, 1990). Reductions of NPP by wind erosion (Figure 7a;
Gantzer et al., 1990; Lal, 1995) aggravated indirect SOC loss through decreasing organic C input from litter to
soil. Consequently, the decrease of annual NPP (Figure 7a) results in the enhanced SOC loss after 1988
(Figure 6d). The negative feedback of plant productivity exacerbates on SOC losses associated with wind
and leads to greater reductions of SOC pool.

4.4. The Challenges and Significance of Assessing Wind Erosion Effect on SOC Storage

Quantification of SOC losses by wind erosion is critical for evaluating SOC storage in arid and semiarid
regions (Borrelli et al., 2017; Tian et al., 2015). The two commonly used approaches include the tracer
method and the wind tunnel. The tracer method uses isotope such as cesium-137 (**’Cs) to estimate soil
redistribution with a soil erosion model (Ritchie & McHen, 1990). This method has been used in Australia
(Chappell et al., 2012) where it shows that soil erosion is reduced by soil conservation measures.
However, larger uncertainty of measurements (e.g., the measurement error of the reference 137¢g level)
often leads to substantial spatial variability (Chappell et al., 2012; Li et al., 2010). The wind tunnel simulates
the wind effect on soil surface (Maurer et al., 2006; Zhang et al., 2004) but has difficulty in simulating wind
erosion under natural surface conditions across vast regions with various vegetation type, topography soil
type, precipitation, and soil moisture conditions (Maurer et al., 2006). Ecosystem models have also been used
to simulate the effect of wind erosion on soil C cycling at regional or global scales (Borrelli et al., 2017; Song
et al., 2016). However, Wu et al. (2018) simulated wind erosion in East Asia using 15 climate models and
found that models cannot reproduce the observed wind erosion event frequency. In this study, we used a
new approach to simulate natural wind erosion, which avoided measuring the error caused by changing
experimental conditions. This new approach can provide critical model parameterizations to assess soil C
losses at regional scales.

Another advantage of this study was incorporating the wind erosion process into the process-based, coupled
C-N ecosystem model (e.g., CABLE model) and providing a novel platform to simulate the wind erosion
effect on SOC storage in northwest China. In addition to simulating direct SOC loss by wind erosion, the
improved CABLE model simulated the indirect effect of wind erosion on SOC storage through feedback
of suppressed plant productivity. However, the improved CABLE model in this study is only applicable in
dust emission source areas, such as northwest China. It is necessary to incorporate a dust transport
submodel with CABLE in the future to simulate larger spatial scales. In summary, the indirect effect of wind
erosion aggravates soil C losses in the northwest China, highlighting the importance of plant feedback to
SOC storage changes associated with wind erosion.

5. Conclusions

This study demonstrated that wind erosion not only influenced SOC storage through directly removing land
surface soil but also indirectly affected SOC storage via feedback of suppressed plant productivity. This work,
for the first time, quantified the indirect effect of wind erosion on SOC storage caused by feedback of
decreased plant productivity. Soil N loss associated with wind erosion decreased NPP, causing reductions
of plant C pool and subsequent litter C pool. Given the decreased organic C input from plant C pool to soil
C pool, SOC storage in northwest China was indirectly decreased by 2.68 Tg C from 1980 to 2013, which
contributed to 9.76% of the total SOC losses. Omitting plant feedback could underestimate wind erosion
effect on SOC storage. Therefore, plant feedback should be considered in the ecosystem models to accurately
evaluate SOC storage associated with wind erosion at the regional or global scales.
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