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Abstract

Grassland wind-erosion pits alter plant growth environments and influence car-
bon cycling processes in grassland ecosystems. From April to October 2022, in
the sandy grassland of Duolun County, Xilingol League, Inner Mongolia Au-
tonomous Region, the space-for-time substitution method was employed to in-
vestigate the effects of wind-erosion pit development on carbon dynamics in the
plant-soil system, analyzing the spatiotemporal differentiation characteristics
and environmental responses of soil physicochemical properties, plant and soil
carbon storage, and soil carbon-containing gas fluxes. The results demonstrated:
(1) Wind-erosion pit development significantly reduced total plant biomass and
total plant carbon storage, with decreases of 97.09% and 95.48%, respectively,
particularly during the active wind-erosion pit stage. (2) Soil carbon pool losses
were most pronounced during the active wind-erosion pit stage, with soil organic
carbon, microbial biomass carbon content, and total carbon content decreasing
by 63.53%, 74.58%, and 61.08%, respectively. (3) Wind-erosion pit development
significantly decreased soil greenhouse gas fluxes; during the active wind-erosion
pit stage, cumulative soil CO2 emissions declined by an average of 60.99%; con-
currently, soil CH4 uptake decreased by an average of 88.89% and transitioned
from uptake to release during May-June. (4) Wind-erosion pit development pri-
marily influenced the stability of the plant-soil system carbon pool by altering
structural indicators such as soil bulk density and porosity. In conclusion, wind-
erosion pit development substantially modified carbon dynamics in the sandy
grassland plant-soil system, causing severe losses to plant and soil carbon pools
and intensifying soil impoverishment.
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Abstract

Wind erosion pits in grasslands alter plant growth environments and affect car-
bon cycling processes in grassland ecosystems. From April to October 2022,
we investigated the effects of wind erosion pit development on carbon dynam-
ics in plant-soil systems in the sandy grassland of Duolun County, Xilin Gol
League, Inner Mongolia Autonomous Region, using the spatiotemporal substitu-
tion method. We analyzed the spatiotemporal heterogeneity and environmental
responses of soil physicochemical properties, plant and soil carbon storage, and
soil carbon-containing gas fluxes. The results showed that: (1) Wind erosion pit
development significantly reduced total plant biomass and total plant carbon
storage, with decreases of 97.09% and 95.48%, respectively, particularly during
the active blowout stage. (2) The soil carbon pool experienced the most signif-
icant loss during the active blowout stage, with soil organic carbon, microbial
biomass carbon, and total carbon content decreasing by 63.53%, 74.58%, and
61.08%, respectively. (3) Wind erosion pit development significantly reduced
soil greenhouse gas fluxes. During the active blowout stage, cumulative CO,
emissions decreased by an average of 60.99%; simultaneously, soil CH, absorp-
tion decreased by an average of 88.89% and shifted from absorption to release
during May-June. (4) Wind erosion pit development primarily affected the sta-
bility of the plant-soil system carbon pool by altering structural indicators such
as soil bulk density and porosity. In summary, wind erosion pit development
significantly altered carbon dynamics in the plant-soil system of sandy grass-
lands, causing severe losses in plant and soil carbon pools and exacerbating soil
impoverishment.

Keywords: soil carbon pool; plant carbon pool; soil greenhouse gas; grassland
wind erosion pit
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1.1 Study area overview

The study area is located in Duolun County, Xilin Gol League, southeastern
Inner Mongolia (41°46 -42°36 N, 115°51 -116°54 E) [Figure 1: see original pa-
per]. The region has an elevation of 1150-1800 m and features a semi-circular
basin topography that is higher at the periphery and lower in the center. The
climate is a typical continental climate transitioning from temperate semi-arid
to semi-humid, with an annual average temperature of 1.6°C and annual pre-
cipitation of 385 mm concentrated in the growing season (approximately 100
days). Winters are long and cold, summers are cool and brief, and the area
receives abundant sunlight with concurrent heat and moisture. The dominant
soil types are chestnut soil, meadow soil, and aeolian sandy soil. Duolun County
lies in the transition zone between meadow steppe and typical steppe, with rich
grassland vegetation types and extensive grassland resources .

1.2 Experimental design

This study selected wind erosion pits in Duolun County as the research object
and conducted field experiments from April to October 2022. Based on the
research of Zhang et al. and considering the topography, soil development, veg-
etation types, and coverage of the study area, the sample plots were divided
into four types: natural grassland, wind-eroded bare land, active blowout, and
extinct blowout. Natural grassland formed under natural conditions without
significant human disturbance, dominated by herbaceous plants with fertile soil
and relatively stable ecological conditions. Wind-eroded bare land formed due
to overgrazing and unreasonable agricultural activities, where surface vegeta-
tion destruction led to soil exposure, presenting patchy distributions ranging
from small bare areas to large contiguous patches. Active blowouts experienced
continuous wind erosion of fine materials, with soil layers collapsing under grav-
ity due to lack of vegetation and fine particle support, accelerating wind ero-
sion speed and volume, forming dish-shaped or bowl-shaped pits. As erosion
intensified on side walls and edges, blowouts gradually merged to form giant
trough-shaped pits. Extinct blowouts occurred when environmental conditions
improved, slowing or stopping blowout development, with vegetation gradually
covering pit walls, slopes becoming gentler, depths decreasing, and shapes be-
coming smoother and flatter, allowing ecological functions to gradually recover.
These types constitute a wind erosion succession sequence, demonstrating dif-
ferent stages of geomorphic evolution with significant temporal continuity and
spatial representativeness, meeting the requirements of the spatiotemporal sub-
stitution method through multi-point selection and high-frequency monitoring.

In each plot, we established 20 m x 20 m rectangular sample plots. Within
each rectangular plot, we randomly set up 1 m x 1 m herbaceous quadrats for
measuring plant biomass. Simultaneously, we randomly excavated 80 cm soil
profiles in each rectangular plot.
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1.3 Plant and soil sample collection and analysis

We conducted biomass surveys in each herbaceous quadrat in mid-July, mid-
August, and mid-September 2022. Aboveground biomass was measured using
the clipping method, while belowground root biomass was measured using the
complete excavation method. Collected plant samples were partially weighed
fresh, then placed in an oven at 105°C for 30 minutes to kill the plants, fol-
lowed by drying at 80°C to constant weight to obtain dry weight for calculating
aboveground biomass. Another portion was washed, dried, ground, sieved, and
subsampled to determine organic carbon content in aboveground parts, below-
ground parts, and litter, then calculate carbon storage in each component and
total plant carbon storage.

Each soil profile was divided into four layers (0-20 cm, 20-40 cm, 40-60 cm,
and 60-80 cm). In each layer, three replicate points were selected to measure
soil water content, field capacity, bulk density, and porosity using the ring knife
method. Simultaneously, one soil sample was collected from each layer and
stored in an aluminum box for laboratory analysis. Collected soil samples were
dried, sieved, mixed, and subsampled for various index measurements. Soil
particle size composition was measured using a Bettersize 3000 Plus laser par-
ticle size analyzer. pH was measured using a Leici PHS-3C portable soil pH
meter. Soil total carbon content was measured using an elemental analyzer.
Soil organic carbon content was measured using an organic carbon analyzer.
Soil inorganic carbon content was measured using the gasometric method. Soil
microbial biomass carbon content was first extracted using the chloroform fu-
migation method, then the organic carbon content in the extract was measured
using an organic carbon analyzer.

Soil carbon storage indicators were calculated using the following formulas:

C;,xD; xH;x(1-G,)
SOC = Z 00 x 100

C,xD; xH,x(1-G,)
SIC = Z 05 x 100

x 100

C; x D, x H, x(1-G),)
TC: K3 K3 K3 7
zi: 100

where SOC, SIC, and T'C represent soil organic carbon, inorganic carbon, and
total carbon storage (t « hm~2), respectively; C; represents the organic carbon,
inorganic carbon, or total carbon content of the i-th soil layer (g-kg™'); D,
represents the bulk density of the i-th soil layer (g+cm™3); H, represents the
thickness of the i-th soil layer (cm); and G, represents the gravel volume content

of the i-th soil layer (%).
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1.4 Carbon-containing gas measurement

To determine the effect of wind erosion pit development on soil carbon emissions,
three soil gas sampling points were randomly set up in each rectangular plot at
the end of May 2022. The static dark chamber method was used for sampling
[18]. The static dark chamber consisted of a top chamber and a base, with the
base fixed in the soil at the sampling point and the top chamber measuring
320 mm x 600 mm. During sampling, the top chamber was embedded into the
groove of the base and sealed with water. Sampling was conducted on clear days
in mid-June, mid-July, mid-August, and mid-September, with adjustments of
1-3 days for special weather conditions. Sampling time was between 09:00 and
12:00. After sealing the top chamber, gas samples were collected three times
at 0 min, 15 min, and 30 min (starting from the sealing moment) using a 100
mL medical syringe with a three-way valve. Each collection was 60 mL, stored
in aluminum foil gas bags, and analyzed within one week. An Agilent 4890D
gas chromatograph was used to measure CO, and CH, concentrations in the
samples. The gas flux was calculated using the following formula:

273 C,—C,
F=pxomrp*h /

where F represents the gas flux (mg-m~2-h™1); p represents the gas density un-
der standard conditions (kg +m™3); h represents the static dark chamber height
(m); C, and C|, represent the gas volume fraction concentrations in the cham-
ber at time ¢ and at the start, respectively ( L+ L™!); T represents the average
temperature inside the chamber during sampling (°C); and ¢ represents the
time during gas sampling (h). Cumulative emission or absorption of gases was
calculated by multiplying gas flux by monitoring duration.

1.5 Data analysis

Data processing and analysis were performed using Excel and SPSS 27.0
software, with figures created using ArcMap 10.8 and Origin 2021. One-way
ANOVA and least significant difference multiple comparisons were used to test
the significance of differences in various indicators among different grassland
wind erosion pit development stages (o < 0.05). Pearson correlation analysis
was used to analyze correlations between plant carbon pools, soil carbon
pools, and environmental factors, with principal component analysis used to
determine the influence degree of each factor.

2.1 Effects of wind erosion pit development on plant biomass and
carbon pool

Wind erosion pit development significantly reduced total biomass, aboveground
biomass, belowground biomass, and litter biomass at all stages compared with
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natural grassland. Specifically, these indicators decreased by 82.10%, 82.41%,
95.16%, and 84.44%, respectively, in the wind-eroded bare land stage; by 97.09%,
97.71%, 64.91%, and 97.21%, respectively, in the active blowout stage; and
by 66.57%, 66.58%, 71.89%, and 80.45%, respectively, in the extinct blowout
stage. Compared with natural grassland, the average reduction in each biomass
indicator was 82.35%, 96.79%, and 67.49% in the wind-eroded bare land, active
blowout, and extinct blowout stages, respectively, with the most pronounced
effects observed in the active blowout stage [Figure 2: see original paper].

Similarly, wind erosion pit development significantly reduced aboveground
carbon storage, belowground carbon storage, litter carbon storage, and total
carbon storage at all stages. These indicators decreased by 78.29%, 79.69%,
61.70%, and 75.71%, respectively, in the wind-eroded bare land stage; by
96.76%, 94.24%, 94.47%, and 95.48%, respectively, in the active blowout stage;
and by 66.62%, 58.90%, 36.57%, and 57.21%, respectively, in the extinct
blowout stage [Figure 3: see original paper]. Additionally, during wind erosion
pit development, organic carbon content in aboveground plant parts showed a
significant increasing trend, while organic carbon content in belowground roots
and litter showed no significant changes.

2.2 Effects of wind erosion pit development on soil properties and
carbon pool

During wind erosion pit development, soil water content, porosity, field capac-
ity, silt content, and clay content decreased significantly, while pH, bulk density,
and sand content increased significantly . Soil carbon content also decreased
significantly [Figure 4: see original paper]. Compared with natural grassland,
soil total carbon storage decreased by 18.68%, 52.24%, and 22.59% in the wind-
eroded bare land, active blowout, and extinct blowout stages, respectively. Dur-
ing the active blowout stage, soil organic carbon content decreased by an aver-
age of 63.53%, with surface soil (0-20 cm) losses reaching 69.51%. Microbial
biomass carbon content decreased by an average of 74.58%, with surface soil
(0-20 c¢m) losses reaching 76.80%. Soil inorganic carbon decreased by an aver-
age of 61.08%, with middle-layer soil (20-40 cm) losses reaching 68.43%. Total
carbon decreased by an average of 74.58%, with middle-layer soil (20-40 cm)
losses reaching 31.04%. These results indicate that wind erosion pit development
significantly reduced the soil carbon pool (P < 0.05).

2.3 Effects of wind erosion pit development on soil carbon emissions

During the growing season, CO, emission fluxes from natural grassland soil
were significantly higher than those at all stages of wind erosion pit develop-
ment, indicating that wind erosion pit development significantly interfered with
soil CO, flux (P < 0.05). During wind erosion pit development, the grassland
ecosystem showed CH, absorption status [Figure 5: see original paper]. The
monthly average absorption flux from June to September decreased in the fol-
lowing order: natural grassland stage (0.103 g-m~2+h!) > extinct blowout

chinarxiv.org/items/chinaxiv-202509.00168 Machine Translation


https://chinarxiv.org/items/chinaxiv-202509.00168

ChinaRxiv [$X]

stage (0.032 g+m~2-h™!) > wind-eroded bare land stage (0.288 g+ m2+h™1!)
> active blowout stage (0.116 g+ m~2-h~!). Cumulative CH, absorption was
0.288, 0.116, 0.032, and 0.103 g-m—2 in the natural grassland, wind-eroded
bare land, active blowout, and extinct blowout stages, respectively. Compared
with natural grassland, CH, absorption in the active blowout stage decreased by
88.89%, and the soil even released CH, during May-June. These results demon-
strate that wind erosion pit development altered the spatiotemporal pattern of
soil carbon-containing greenhouse gas fluxes.

2.4 Relationships between plant-soil carbon pools and environmental
responses

Soil organic carbon content showed a significant positive correlation with soil
porosity and field capacity, and a highly significant negative correlation with
soil bulk density. Soil inorganic carbon content showed a significant positive
correlation with soil porosity and a significant negative correlation with soil
bulk density. Soil microbial biomass carbon content showed a highly significant
positive correlation with soil water content. Soil total carbon content showed
a highly significant positive correlation with soil porosity and a highly signifi-
cant negative correlation with soil bulk density. Soil water content showed a
significant negative correlation with soil sand content and a significant positive
correlation with soil clay content [Figure 6: see original paper]. Soil physico-
chemical properties were significantly correlated with various soil carbon content
indicators, which in turn showed positive correlations with plant carbon stor-
age indicators, indicating a close relationship between soil property changes and
plant carbon storage.

Principal component analysis [Figure 7: see original paper| showed that the
first two components explained 91.4% of the variance, effectively reflecting the
influence of environmental factors on the plant-soil carbon pool. The first com-
ponent explained 84.7% of the variance and represented the most significant
factor affecting the plant-soil carbon pool during wind erosion pit development.
Soil bulk density (0.98) and soil porosity (0.97) had large absolute values in the
first component, indicating that changes in soil pore structure were the primary
driving factor causing changes in the plant-soil carbon pool. The second com-
ponent explained 6.7% of the variance, with soil sand content (0.62) having the
largest absolute value, indicating that soil texture change was a secondary driv-
ing factor. Comprehensive analysis revealed that significant changes in soil bulk
density, porosity, and silt content caused soil structure destruction under wind
erosion pit development, thereby losing physical protection for organic carbon
and representing the main reason for reduced ecosystem carbon sequestration
capacity.
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3.1 Effects of wind erosion pit development on soil properties

Unreasonable human activities cause grassland degradation and accelerate wind
erosion pit development. This study found that soil bulk density increased and
porosity decreased within wind erosion pits, as strong winds removed fine par-
ticles, destroyed soil structure, and deteriorated aeration. Additionally, soil
water content and field capacity decreased significantly. Similar phenomena
were observed in studies of wind erosion pits in Hulun Buir. Wind erosion pit
development caused substantial water loss, forming dry zones, while soil sand
content increased significantly and soil gradually coarsened. Research indicates
that sandy grassland soils have a colloidal surface layer overlying a looser sand
layer. As erosion intensified, the sand layer was gradually hollowed out, eventu-
ally causing surface collapse and forming surface breaches under gravity. Once
surface breaches appeared, fine silt and clay particles were severely lost, soil par-
ticles within pits became coarser, and sandification intensified. Soil pH showed
an alkaline trend during wind erosion pit development, indicating secondary
salinization effects. Plant roots release CO, through respiration, forming acid
radicals that regulate soil pH. However, in wind erosion pits, deteriorated mois-
ture conditions increased evaporation intensity and salt accumulation, creating
high-salt, water-deficient environments that drastically reduced plant biomass
and decreased acid production, weakening timely and effective pH regulation.

3.2 Effects of wind erosion pit development on plant carbon pool

The plant carbon pool is crucial in grassland ecosystem carbon cycling, and
as producers, plant species composition and growth characteristics are highly
sensitive to environmental changes. This study found that wind erosion pit
development did not significantly change organic carbon content in plant roots
and litter, but caused severe plant carbon pool losses. This occurred because
strong winds removed surface soil, causing sandification and vegetation destruc-
tion that reduced biomass. Litter biomass decreased because deteriorated soil
structure inhibited plant growth, and surface vegetation loss prevented plant
residues from accumulating. Belowground biomass also decreased significantly
due to root exposure, physical damage, and water loss caused by wind erosion.
Additionally, wind erosion pit development affected the redistribution of energy
and materials such as light, water, temperature, and airflow, causing microhab-
itat changes that further contributed to plant carbon pool losses. In summary,
while plant organic carbon content did not change significantly, the substantial
reduction in plant biomass was the main cause of plant carbon pool changes.
Habitat deterioration was the primary driver of reduced plant biomass accumu-
lation, and large losses in the plant carbon pool directly affected the carbon
sequestration capacity and potential of the entire grassland ecosystem.
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3.3 Effects of wind erosion pit development on soil carbon pool and
carbon fluxes

Plant carbon pool changes affect ecosystem carbon input and alter soil carbon
dynamics. Soil carbon pool dynamics are related to plant carbon pool input
and belowground carbon output. Wind erosion pit development caused severe
soil carbon pool losses, with the most direct driver being the reduction in plant
carbon pool input. The decrease in soil organic carbon was mainly attributed
to sparse vegetation caused by strong wind erosion. Without surface vegetation
protection, surface organic matter was lost, while reduced soil water content
and fine particle content prevented the formation of aggregate structures to
retain nutrients, ultimately causing organic carbon loss. Wind erosion pit de-
velopment also reduced soil microbial respiration, primarily due to decreased
microbial quantity and activity. The unstable soil environment could not pro-
vide effective carriers and nutrient sources for microbial proliferation. Strong
winds removed surface organic matter and nutrients, leaving microorganisms
without sufficient nutrients for normal metabolism and respiration. When sur-
face vegetation was lacking, solar radiation reached the soil surface directly, and
under the disturbance of solar radiation and wind erosion, soil water and gas
exchange were blocked, causing soil temperature and moisture imbalances that
inhibited microbial activity and weakened soil microbial respiration.

Wind erosion pit development caused not only severe soil organic carbon loss but
also substantial soil inorganic carbon reduction. Soil inorganic carbon sources
include atmospheric deposition, microbial decomposition of soil organic matter,
and carbonate formation from carbon-containing ions combining with cations in
soil solution. Wind erosion destroyed surface vegetation and soil, reducing soil
organic carbon and weakening microbial activity, thereby inhibiting mineraliza-
tion of soil organic carbon to inorganic carbon. Simultaneously, wind erosion
significantly reduced soil water content and porosity, hindering carbonate ion
formation and diffusion and preventing carbon-containing ions in soil solution
from effectively combining with cations, further reducing carbonate mineral for-
mation. Soil microbial biomass carbon content also decreased because wind
erosion pit development damaged the soil system, causing soil fertility decline
that inhibited microbial growth.

Changes in soil carbon-containing gas fluxes represent gas exchange between
the soil carbon pool and atmosphere and constitute an important factor main-
taining soil carbon pool stability. Soil CO, emissions occur through two path-
ways: plant root respiration and soil microbial respiration. This study found
that reduced soil carbon exchange in wind erosion pits was mainly caused by
structural damage from wind erosion, leading to decreased plant root biomass
and weakened microbial activity. During wind erosion, external forces caused
physical damage and even death to plant roots, while soil structure destruction
weakened the ability to retain moisture and transport oxygen. Good soil aera-
tion enhances oxygen entry into soil, but when oxygen supply decreases, plants
initiate stress responses that inhibit metabolic processes including respiration,
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reducing root CO, emissions. Wind erosion pit development reduces grassland
ecosystem CH, absorption and may even cause CH, release. CH, oxidation is
the only pathway for CH, to be collected by terrestrial ecosystems, performed
by methanotrophic bacteria. In well-aerated mineral soils, methanotrophic ac-
tivity is high. Wind erosion pit development deteriorates soil aeration, which
is unfavorable for aerobic methanotrophs but allows anaerobic methanogenic
bacteria to grow and emit CH, under harsh soil conditions. CH, absorption
and emission processes occur simultaneously, and when soil environment deteri-
orates, the dynamic balance between CH, production and consumption may be
disrupted, causing grassland ecosystems that originally absorbed CH, to emit
CH, after developing into wind erosion pits. In summary, when soil is damaged
by wind erosion pit development, the dynamic changes in soil carbon-containing
gas exchange constitute another reason for changes in the soil carbon pool.

4 Conclusions

(1) Plant total carbon storage significantly decreased by 75.71%, 95.48%, and
57.21% in the wind-eroded bare land, active blowout, and extinct blowout
stages, respectively, indicating that the entire process severely weakened
plant carbon sequestration capacity. (2) Soil total carbon storage also
decreased by 18.68%, 52.24%, and 22.59% in the wind-eroded bare land,
active blowout, and extinct blowout stages, respectively, further demon-
strating the impact of wind erosion pit development on ecosystem car-
bon pools. (3) CO, emissions decreased by 37.17%, 60.99%, and 22.93%,
while CH, absorption decreased by 59.72%, 88.89%, and 64.23% in the
wind-eroded bare land, active blowout, and extinct blowout stages, respec-
tively, indicating significant changes in soil carbon-containing gas fluxes
during wind erosion pit development. (4) Plant biomass loss and changes
in soil aeration and other structural indicators were key factors causing
changes in plant-soil carbon dynamics. Therefore, targeted protection
measures should be implemented for grassland wind erosion pits, with in-
creased efforts in vegetation reconstruction and soil restructuring for eco-
logical restoration and protection to recover carbon sequestration capacity
in sandy grasslands.
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