
P
os

te
d

on
25

A
p
r

20
24

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
71

40
73

98
.8

34
51

87
1/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

a
n
d

h
as

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Grazing decreases net ecosystem carbon exchange by decreasing
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Abstract

Livestock grazing can strongly determine how grasslands function and their role in carbon cycle. However, how ecosystem

carbon exchange responds to grazing and the underlying mechanisms remain unclear. We measured ecosystem carbon fluxes to

explore the changes in carbon exchange and their driving mechanisms in a 16-year long term experiment with different grazing

intensities in a desert steppe grassland. We found that grazing intensity influenced above- and belowground biomass during

the peak growing season, primarily by decreasing shrubs and semi-shrubs and perennial forbs. Furthermore, alter patterns of

net ecosystem exchange primarily via their negative influence on the biomass of shrub and semi-shrub. In addition, grazing-

induced reduction belowground biomass, as well as in total plant nitrogen and soil ammonium nitrogen, can strongly influence

ecosystem carbon exchange and soil respiration. When nitrogen is lost from the soil due to grazing, plants reallocate resources

belowground to maintain growth and development, thus promoting photosynthesis and respiration. Our study indicates that

soil available nitrogen and shrubs and semi-shrubs are important factors in regulating ecosystem carbon exchange under grazing

disturbance in the desert steppe, which provide a basis for grazing management.
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Abstract

Livestock grazing can strongly determine how grasslands function and their role in carbon cycle. However,
how ecosystem carbon exchange responds to grazing and the underlying mechanisms remain unclear. We
measured ecosystem carbon fluxes to explore the changes in carbon exchange and their driving mechanisms in
a 16-year long term experiment with different grazing intensities in a desert steppe grassland. We found that
grazing intensity influenced above- and belowground biomass during the peak growing season, primarily
by decreasing shrubs and semi-shrubs and perennial forbs. Furthermore, alter patterns of net ecosystem
exchange primarily via their negative influence on the biomass of shrub and semi-shrub. In addition, grazing-
induced reduction belowground biomass, as well as in total plant nitrogen and soil ammonium nitrogen, can
strongly influence ecosystem carbon exchange and soil respiration. When nitrogen is lost from the soil due
to grazing, plants reallocate resources belowground to maintain growth and development, thus promoting
photosynthesis and respiration. Our study indicates that soil available nitrogen and shrubs and semi-shrubs
are important factors in regulating ecosystem carbon exchange under grazing disturbance in the desert
steppe, which provide a basis for grazing management.

Keywords Grazing intensity, Net ecosystem carbon exchange, Ecosystem respiration, Soil respiration, Stipa
breviflora desert steppe

Introduction

Grassland ecosystems cover a large proportion of the arid and semi-arid regions of the world, playing an
important role in the global carbon cycle (Scurlock and Hall 1998; Schuman et al. 2002; Zhou et al. 2019;
Lei et al. 2020). The degree to which terrestrial ecosystems serve as net carbon sinks or sources depends on
the balance between the carbon fixed by plant photosynthesis and the carbon released into the atmosphere
by plant and soil respiration (Peng et al . 2014; Li et al. 2017b; Jin et al. 2023). While numerous evidence
has addressed the degree to which forested systems serve as net carbon sinks or sources (Martens et al. 2004;
Rebane et al. 2020), the status of grassland ecosystems as sources or sinks can be highly variable (Dai et
al. 2014; Smith 2014; Chang et al. 2021). Grasslands can be an important carbon sink in some places or
times (Hafner et al. 2012; Sha et al. 2020), but in other places and times, grassland carbon fluxes can be
in equilibrium (neither a source or sink) (Hao et al. 2017), a net carbon source (Kuzyakov and Gavrichkova
2010), or fluctuate between states (Daiet al. 2014; Zhang et al. 2020).

Livestock grazing is a major land-use category by which human activities can influence the structure and
function of grassland ecosystems, profoundly altering the carbon cycle and stability of grassland productivity
(Zhang et al. 2023). Grazing directly affects plant productivity and respiration because livestock foraging
removes leaves while promoting compensatory growth, and their trampling and excretion redistributes soil
organic matter and alters soil respiration (Caoet al. 2004; Chen et al. 2015; Barthelemy et al.2018; Veldhuis
et al. 2018); Grazing also alters soil nitrogen content and other processes important to the carbon cycle,
such as litter decomposition and photosynthate distribution (Xia and Wan 2008). As a result, grazing can
moderate the net ecosystem exchange of grasslands and whether they serve as a net carbon sink or source.
In some cases, light to moderate levels of grazing can facilitate grasslands being net carbon sinks (Derner et
al. 2006; Shaet al. 2020; Chang et al. 2021), while high levels of grazing can accelerate the release of carbon
and switch the ecosystem from a carbon sink to a carbon source (Liang et al. 2017; Tanget al. 2018); In
other cases, grazing appears to have little influence on the carbon budget of grassland ecosystems (Fang et
al. 2010; Piñeiro et al. 2010).

Desert steppe is particularly vulnerable to degradation due to livestock grazing and to carbon sinks transitio-
ning to carbon sources (Zhanget al. 2020). We assessed ecosystem carbon balances over a sustained 10-year
period and explored the influencing factors. We concluded that precipitation patterns and grazing combine
to cause changes in the carbon sink function of grasslands (Jin et al.2023; Wang et al. 2023), but that ecosys-
tem carbon exchange is disturbed by a combination of environmental (soil, climate) and biological (grazing)
factors. How environmental and biological factors influence net ecosystem carbon exchange depends on the
relationship between carbon uptake via primary productivity and carbon release via plant and soil respira-
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tion. Furthermore, there is considerable variability and uncertainty regarding the factors influencing carbon
exchange in grassland ecosystems (Liu et al. 2015; Sha et al. 2020). This is likely because the variability in
grassland types is mediated by climate, vegetation and soil (Helfter et al. 2015; Hussain et al. 2015; Liang
et al. 2020), as well as by grazing practices (Fang et al. 2010; Dai et al. 2014).

Thus, simply measuring net ecosystem exchange and aboveground biomass is not enough to fully understand
the influence of biotic and abiotic factors on these rates (Li et al. 2017a; Bajgain et al.2018). It is necessary
to more fully identify how carbon exchange and soil respiration are influenced by grazing and background
environmental factors, in particular. This information will not only help us better understand the factors
influencing the carbon dynamics of these important ecosystems, but it will also help inform the formulation of
policies for the sustainable management and conservation of grassland resources. In this study, we measured
ecosystem carbon fluxes and their associations in respond to a long-term (16-year) grazer manipulation
experiment in a desert steppe grassland in Inner Mongolia, China. We specifically asked (1) how does
grazing influence features of the plant community and soil conditions and (2) how those effects influence
the parameters of net ecosystem carbon exchange, including gross ecosystem productivity and respiration.
On the basis of our previous research, we further measured aboveground and belowground biomass, plant
nutrients (carbon and nitrogen content of plant communities) and soil nutrient indexes to analyze the main
drivers that influence the changes of CO2 fluxes in desert steppe ecosystems and their responses to grazing
disturbances, and to provide theoretical basis for the adaptive management of desert steppe.

Methods

Study Site

Our study took place within a long-term grazing experiment located in Siziwang Banner (41°46’43 ”N,
111°53’42” E, elevation 1456 m) at the comprehensive experiment and demonstration center of the Inner
Mongolia Academy of Agriculture and Animal Husbandry Sciences, China. The study site is a typical desert
steppe ecosystem dominated by Stipa breviflora Griseb., Artemisia frigida Willd, andCleistogenes songorica
(Roshev.) Ohwi. Subordinate species include Convolvulus ammannii Desr., Kochia prostrata (L.) Schrad.,
Caragana stenophylla Pojark. and Caragana microphylla Lam.. The soil is primarily a sandy loam texture
with low nitrogen, phosphorus, and organic matter content, but high potassium. Over the course of the
experiment (2004 to 2020), the average annual temperature was 3.4 and the average annual precipitation
was 221.7 mm (the majority falling from June to August). We present the air temperature and precipitation
during the growing season in which we collected data (2020) in Fig. S1.

Experimental Design

A grazing manipulation experiment was established in June 2004 in a natural grassland (˜50 ha) with
relatively flat terrain and relatively homogeneous vegetation and soil types. The plots were divided into
three experimental blocks which each received one of four grazing treatments, control (no grazing), light
grazing, medium grazing and heavy grazing (thus, there were three replicates for each treatment). Each
experimental plot was 4.4 ha and constructed with iron wire fencing material. The stocking rates in each
treatment were 0 (control/ no grazing), 0.91 (light grazing), 1.82 (moderate grazing, MG) and 2.71 (heavy
grazing) sheep unit * (hm2A-1) -1. Each grazing plot was grazed by adult sheep from June 1 to October 1
each year. During the grazing season, the sheep were driven into the grazing area at 6:00 every day and left
to forage freely until their return to the corral at 18:00.

Measurement of aboveground biomass and belowground biomass

We measured aboveground biomass of plants from June to September 2020. In each month, we randomly
selected three (1 m2) quadrats (108 quadrats in total) near the other sampling locations in each plot to record
the community characteristics of plants. In each quadrat, we clipped all aboveground biomass and separated
them to species. We then dried plants at 65 for 48 h and weighed them. We categorized species into four
functional groups (perennial grass, shrub and semi-shrub, perennial forb, annual and biennial plants) based
on their life type (Table S1).
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We measured belowground biomass in August 2020. To do so, we selected six points near the other sampling
locations and collected samples from the 0-10 cm layer with a root auger (7 cm diameter). We took two
samples at each point and combined them for analyses. We picked roots from the soil, washed them and
dried and weighed them as above.

Measurement of plant total nitrogen and carbon content

We measured total carbon and total nitrogen content from three of the aboveground sampling quadrats
in each plot. After weighing, we ground tissues using a ball mill and measured powder samples using an
elemental analyzer (Elementar Vario MACRO CUBE).

Measurement of soil properties

We determined several soil physical and chemical properties in August 2020 by collecting soil samples from
the 0-10 cm layer. We selected six points in each plot near the other sampling points and collected soil at
each point from 0-10 cm using a soil auger (3 cm diameter). At each point, we collected two soil samples,
combined them, and passed soil through a 2 mm sieve for determining the physical and chemical properties
of the soil in the laboratory.

For each soil sample, we determined total carbon and total nitrogen content in the soil using an elemental
analyzer (Elementar Vario MACRO CUBE); total phosphorus content using an ultraviolet spectrophotometer
(UV-1800, Mapada, Shanghai, China) with the sodium hydroxide fusion method; organic carbon content
using the potassium dichromate external heating method; nitrate (NO3

--N) and ammonium (NH4+-N) by
extraction using KCl (2 mol*L-1) with a flow analyzer; available phosphorus content using the sodium
bicarbonate molybdenum antimony anti-colorimetric method; and microbial biomass carbon and microbial
biomass nitrogen using the chloroform fumigation extraction method.

Measurement of ecosystem CO2 exchange

We measured net ecosystem CO2 exchange and ecosystem respiration monthly during the growing season
(June to October) in 2020. To do so, we used a Li-6400 portable photosynthetic (Li-COR, USA) instrument
with the static chamber method. We collected measurements between 8:00 a.m. to 12:00 p.m (Niu et
al. 2008; Wu et al.2021). For measurements, we choose a clear, cloudless and windless day as much as
possible, at least three days after a rainfall. For measurements we connected a leaf chamber (50 x 50 x
50cm3 transparent plexiglass box) to the portable photosynthetic instrument and installed small fan in each
diagonal direction at the upper end of the glass box so that gas was fully mixed. We place the glass box on
one of three aluminum sink frames (50 x 50cm2) placed randomly within each plot to ensure a smooth and
airtight seal. We repeated measurements on each of the three frames.

At each sample point, we collected measurements for 120 s and CO2 concentration and water exchange flux
values were automatically recorded every 10 s. After these measurements, we ventilated the leaf chamber to
ensure it was filled with convection-exchanged air, covered it with a black cloth to ensure no light transmission
and repeated the above procedure to determine ecosystem respiration.

We measured soil respiration using an open circuit Li-8100 soil carbon flux meter (Li-COR, Inc, Lmcoln,
NE, USA) at the same time as the net ecosystem exchange measurements. We measured soil respiration
within three PVC rings (10.5 cm in diameter and 8 cm in height) that were randomly placed 2 cm above
the ground surface in each plot. Prior to measurements, we clipped plants inside the rings flush with the
ground and removed debris.

We calculated net ecosystem CO2 exchange (NEE) and gross ecosystem productivity (GEP) as follows: [?]C’

[?]t = INDEX(LINEST(Y1: Y12, A1: A12),1);NEE =
10V P (1− W

1000 )

RS(T+273.15)
∂C′
∂t ; NEE = GEP - ER.

Where ER is the measured ecosystem respiration. NEE, ER, GEP are in μmol·m-2·s-1, Y1-Y12 is the CO2

concentration value, A1-A1 is the measurement time, V represents the volume of the box (cm3), P is the
atmospheric pressure inside the box (kpa), W is the water pressure inside the chamber (mmol·mol-1), S is

4
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the bottom area of the chamber (cm2), T is the temperature of the gas inside the chamber (), and R=8.314
J-mol-1-K-1 (constant). We used values of ecosystem CO2 exchange and soil respiration during the growing
season (June-October) to calculated the values of NEE, GEP, ER, SR for each treatment.

Measurement of air temperature and precipitation

We collected meteorological data in 2020 using a small weather station (Gro Weather software version 1.2,
Davis instruments corporation, USA). The station recorded temperature and precipitation data automati-
cally at 1 h intervals, which we downloaded and collated at regular intervals.

Measurement of soil temperature and moisture

In parallel with net ecosystem exchange measurements, we measured soil temperature at 10 cm depth in the
leaf chamber with two TP3001 electronic thermometers. At the same time, we collected 10 cm soil samples
using a 2.5 cm diameter x 10 cm high soil auger, which we collected in an aluminum box, weighed and
recorded the wet mass, and then dried at 105 for 24 h to weigh the dry mass and then calculate the mass
water content.

Data Analysis

After ensuring data met normality and homogeneity of variance assumptions using the Shapiro-Wilk test,
we evaluated the influence of grazing treatment on aboveground and belowground biomass, plant nitrogen
and carbon content, plant functional groups and several soil chemical variables, as well as the ecosystem
CO2 exchange and soil respiration. To do so, we used repeated measures ANOVA to test the effects of
grazing intensity and sampling month on the aboveground biomass, plant functional group biomass, ecosys-
tem CO2exchange and soil respiration. We used one-way ANOVA followed by a Duncan test for pairwise
comparison to test the effects of grazing intensity on the belowground biomass, plant total carbon, plant
total nitrogen and soil nutrient content. A P < 0.05 indicated significance in the treatment effects.

We correlated several abiotic factors with ecosystem carbon exchange, including temperature, precipitation,
soil temperature, and soil moisture in each treatment using regression analysis.

To investigate the influence of soil and plant factors on ecosystem carbon exchange, we used redundancy
analysis to rank the impact of the factors on carbon exchange. Furthermore, we used a generalized linear
model (GLM) and structural equation model (SEM) to determine the effects of plant and soil factors on
ecosystem CO2 exchange and soil respiration. To do so, we first calculated the contribution of the plant and
soil factors to the ecosystem CO2 exchange and soil respiration using the GLM, and then we removed in-
significant pathways and simplified the SEM model based on the GLM results. We obtained path coefficients
using a maximum likelihood estimation technique.

We performed ANOVA, repeated measures ANOVA and the GLM analyses in version R 4.0.3. The SEM
analyses were performed using the “piecewise SEM” package (Lefcheck, 2016) in R version 4.0.3. We per-
formed regression and redundancy analyses in Origin 2023 software.

Results

Grazing Intensity Effects on the Plant Functional Group Productivity and Plant Community
Carbon and Nitrogen Content

We found that both aboveground (Fig. 1a) and belowground (Fig. 1b) biomass was influenced by the
grazing treatment. All grazing treatments had lower aboveground and belowground biomass than the control
treatment with no grazing. Aboveground biomass was lowest in the heavy grazing treatment while there
were no differences between the two lower grazing intensity treatments (Fig. 1a), belowground biomass
was incrementally lower with each increased grazing intensity treatment (Fig. 1b). When we analyzed
differences in nutrient content, we found that the total carbon content of the plant community was lowest in
the heavy grazing treatment (Fig. 1c), while the total nitrogen content of the plant community was lowest
in the moderate grazing treatment (Fig. 1d). Aboveground biomass differed significantly between months,
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though the difference was not significant for the interaction between month and grazing intensity (Table 1).
When we divided plants into functional groups (Fig. 2b-e), we found that most groups strongly declined
with increasing grazing, particularly shrubs and semi-shrubs (Fig. 2c), as well as perennial forbs (Fig. 2d).
Perennial grasses, in fact, had greater biomass in the moderate grazing treatment (Fig. 2b) We performed
repeated measures ANOVAs for different plant functional groups and found that most functional groups
differed significantly by month, grazing intensity, and the interaction between month and grazing intensity.
This was especially true for the perennial forbs, shrubs and semi-shrubs. Annuals and biennials did not
differ significantly by the interaction between month and grazing intensity, and perennial grasses did not
significant significantly by month, grazing intensity or the interaction between month and grazing intensity
(Table 1, Fig. 2b-e).

Grazing Intensity Effects on Soil Nutrients

Of the soil chemical variables, we found no differences in total carbon (Fig. 3a), total phosphorus (fig.
3c), organic carbon (Fig. 3d), and microbial biomass carbon (Fig. 3g) among grazing intensity treatments.
However, we found that total nitrogen (Fig. 3b), ammonium nitrogen (Fig. 3e), microbial biomass nitrogen
(Fig. 3i), and available phosphorus (Fig. 3g) content tended to be lower in the highest grazing intensity
treatments.

Differences in ecosystem CO2 exchange under different grazing intensities

During the 2020 growing season, we found that NEE, ER, GEP, and SR showed strong seasonal dynamics
consistent with the monthly variation in precipitation (Fig. S2). According to the results of repeated
measures ANOVA, NEE, ER, GEP, and SR varied significantly between months. NEE and GEP also varied
significantly between grazing intensities and the interaction between month and grazing intensity, but ER
and SR did not differ significantly between grazing intensities or the interaction between month and grazing
intensity (Table 2). During July, NEE was positive indicating release as a carbon source (Fig. 4a); it was
negative, indicating a carbon sink for the rest of the growing season. Both NEE (Fig. 4a) and GEP (Fig.
4c) were lowest in August, while ER (Fig. 4b) and SR (Fig. 4d) were highest in August. When we compared
grazing treatments, we found that the rates of NEE (Fig. 4a), ER (Fig. 4b), GEP (Fig. 4c) and SR (Fig.
4d) were all significantly lower than the control plots, with the heavy grazing treatment often having lowest
(or highest) values.

plant factors and soil factors on ecosystem CO2 exchange

We used RDA model to examine the relationship between the explanatory variable (plant and soil factors,
blue lines with arrows) and response variable (ecosystem carbon exchange and soil respiration, red lines with
arrows) in Fig. 6. We found that plant factors (e.g., above and below ground biomass, plant carbon and
nitrogen nutrients) explained 98.10% of the variance of ecosystem CO2 exchange and soil respiration (Axis
1 explained 71.49 % of the total variance while Axis 2 explained 26.61%; Fig. 6a). Soil factors (e.g., Soil
nutrient index) explained 98.20 % of the variance of ecosystem CO2exchange and soil respiration (Axis 1
explained 73.50 % of the total variance while Axis 2 explained 24.70 %; Fig. 6b). For plant and soil factors,
SS (R2 = 0.36) contributed the highest degree of variance to NEE, and next highest was AGB (R2= 0.21,
Fig. 5c); AGB (R2 = 0.28) contributed the highest degree of variance to GEP, and next highest was SS (R2

= 0.22, Fig. 5E); BGB (R2 = 0.25, R2 = 0.23) contributed the highest degree of variance to ER and SR
(Fig. 5d, Fig. 5f);

Based on the results of the redundancy and GLM analyses, we developed structural equation models to
better explain the driving mechanisms of ecosystem carbon exchange and soil respiration. Our SEM analysis
showed that grazing had a direct negative effect on NEE and GEP. Specifically, grazing reduced NEE and
GEP by reducing aboveground biomass, especially through the indirect reduction of NEE due to lower shrub
and semi-shrub biomass (Fig. 6a and c). However, the lower soil nutrient content in the grazing treatment
was not associated with NEE and GEP (Fig. 6e and g). In contrast, grazing and aboveground biomass
did not directly affect ER and SR (Fig. 6b and d), but they did directly affect belowground biomass and
indirectly reduce belowground biomass by decreasing ammonium N. This came to affect the rate of SR as
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well (Fig. 7f and h).

Discussion

Grazing by livestock influences the productivity and stability of grassland ecosystems, which in turn generates
feedback mechanisms on the carbon cycle. However, the factors underlying the complex changes of vegetation
and soil as a result of grazing and their impact on the processes underlying carbon cycling remain poorly
understood (Yuanet al. 2011; Hussain et al. 2015; Oram et al. 2023; Zaret et al. 2023). Our results
from a 16-year long grazing intensity manipulation study in a desert steppe grassland show that grazers
alter patterns of net ecosystem exchange primarily via their negative influence on the biomass of shrub and
semi-shrub, which play a prominent role in ecosystem functions.

Effect of grazing intensity on net ecosystem CO2exchange

Grazing can shift the balance between vegetation being a carbon source or sink in steppe grasslands (de
la Motte et al. 2018; Ondieret al. 2021). Our finding that NEE, ER, and GEP decreased with increasing
grazing intensity is consistent with previous results from desert steppe (Jin et al. 2023; Wang et al. 2023).
Our finding that heavy grazing had a stronger inhibitory effect on ER than GEP is consistent with the
results of Peng et al. (2007). This may have resulted because livestock feeding reduces the aboveground
biomass which cannot be compensated by regrowth (Zhang et al. 2018; Zhanget al. 2023), such that the
effective amount of leaf area available for both photosynthesis and respiration is reduced so that the net CO2

exchange rate decreases (Oba et al. 2000; Shi et al. 2022).

Although our finding of the positive correlation between productivity and NEE is consistent with many
previous studies (Danielewska et al. 2015; Xu et al. 2022), we also found a positive correlation between
aboveground biomass and NEE, primarily driven by shrubs and semi-shrubs and perennial forbs, which is
consistent with previous work (Zhang et al. 2023). Our finding that shrubs and semi-shrubs and perennial
forbs were strongly influenced by grazing, while grasses were less so is consistent with the idea that shrubs
and semi-shrubs and perennial forbs are more palatable and have higher nutritional value than grasses,
mainly stipa breviflora , which are not preferred by livestock. Shrub roots can reach up to 70 cm deep
into the soil layer, allowing them to better utilize deeper water and nutrients to maintain a high carbon
fixation capacity and a high net carbon uptake capacity (Niuet al. 2023). which can explain why their loss
dramatically influenced NEE.

Our finding that plant N content is negatively correlated with net ecosystem CO2 exchange is inconsis-
tent with previous findings that loss of leaf N attenuates ecosystem carbon cycling (Wang et al. 2014 in
Chinese)(Gong et al. 2021), This may be because altered plants allocated more N to non-photosynthetic
proteins to increase their compensatory growth in response to grazing, but with reduced photosynthetic
capacity (Onoda et al. 2004), resulting in a decrease in net CO2 exchange rate (Zhang et al.2006). A study
by Wu et al. (2021) showed that N addition in desert steppe increased the net CO2 exchange rate, while
You et al. (2016) showed that high levels of N addition inhibited NEE, but moderate levels promoted NEE.
This suggests that the changes of nitrogen absorbed and used by plants are complex and require further
investigation (Schimel et al. 2001).

Although NEE decreased in response to increasing grazing intensity, it is of interest that there was no
significant difference in NEE rates between the LG and MG treatments in our study (Fig. 4a, bars), because
although short-flowered needlegrass was a well-established species and widely distributed in our experimental
sample plots, livestock did not prefer it, resulting in no significant difference in vegetation stock and cover
between the LG and MGC treatments and the non-grazed areas, so their net CO2 exchange rates were not
significantly different from those of ck. The net CO2 exchange rate was not significantly different from that
of CK (p > 0.05, Fig. S1a).

Although NEE decreased in response to increasing grazing intensity, we found no difference in NEE rates
between the light and moderate grazing treatments. This was likely because less preferred grasses dominated
both treatments.
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Effect of grazing intensity on soil resperation

Desert steppe is sparsely vegetated, so soil respiration is likewise an important determinant of carbon balance
in the ecosystem. The rate of SR decreased with grazing intensity (Fig. 4d, bars), and belowground biomass
(Fig. S1b), ammonium N (Fig. S2e), and available P (Fig. S2g) also significantly decreased (p < 0.05), but
the effect of different grazing intensities on soil organic carbon was not significant (p > 0.05, Fig. S2d). In
this study, belowground biomass, available P, and soil organic carbon were all significantly correlated with
SR based on redundancy analysis. We further constructed structural equations and the results showed that
grazing did not directly affect SR, but indirectly reduced the rate of SR by decreasing belowground biomass
and ammonium N (Fig. 7b).

Belowground biomass is highly correlated with soil respiration (Pregitzer et al. 2008; Wu et al. 2016; Diao
et al.2022). Higher CO2 fluxes may be caused by higher root biomass, which can promote soil respiration
by releasing more secretions at the inter-root level and providing a favorable environment for soil microbial
respiration (Wu et al. 2016). In contrast, heavy grazing reduced above- and belowground biomass, thus
reducing the amount of root growth, soil microbial load and soil enzyme activity, which likely led to the
inhibition of microbial respiration and ultimately reduced soil respiration rate (Li et al. 2013).

In addition, based on the GLM and SEM analyses, we also found that soil ammonium N content correlated
with respiration (Fig. 5d and f, Fig. 6f and h), which is consistent with the result that nitrogen addition can
stimulate soil respiration in nutrient-poor soil (Smith, 2005). The affinity of dissolved oxygen and aeration
tissue for NH4

+ and NO3
- in root respiration mainly depends on NH4

+, which is enhanced when NH4
+

is absorbed. The enhancement of glutamate dehydrogenase regulation and amino acid metabolic reactions
increases root N use efficiency and promotes root growth (Knapp et al. 2017). Thus, the change in soil
ammonium N content is one of the main factors influencing soil respiration (Onoda et al. 2004; LeBauer
and Treseder, 2008; Gong et al. 2021).

Effects of climate variables on ecosystem carbon exchange and soil respiration

As expected, we found that NEE, ER and GEP were all influenced by precipitation which was highest in July
and August (Fig. S1, Fig. S2b). This is likely primarily a result of the influence of aboveground biomass
and its influence on productivity and ecosystem carbon exchange, which is strongly influenced by variation
in rainfall (Jobbagy et al. 2002). We also showed that soil moisture was positively correlated with ER and
SR (Fig. S2d), which likely promoted the growth of plant roots to enhance microbial activity and promote
organic matter decomposition, leading to an increase soil respiration (Helfter et al. 2015; Peng et al. 2015).
This is consistent with previous studies in desert steppe (Jin et al.2023; Wang et al. 2023).

Likewise, variation in temperature influences ecosystem carbon exchange mainly by affecting GEP and ER
(Luo et al. 2001; Ganjurjavet al. 2018; Li et al. 2019). However, consistent with our results showing a
minimal influence of temperature on ecosystem carbon exchange in a desert steppe (Fig. S2a), WU et al.
(2021) found similar results in a 12-year study. We did, however, find that variation in soil temperature
contributed to ER (Fig. S2c), which was consistent with results from a previous analysis.

Conclusions

In this study, we assessed the impact of different levels of grazing intensity, as well as the associated direct and
indirect effects, on ecosystem carbon exchange and soil respiration. Over the course of the growing season,
we found that the desert steppe remained in a state of carbon uptake (carbon sink) under the conditions of
16 years of continuous grazing. Our study shows that alter patterns of net ecosystem exchange primarily via
their negative influence on the biomass of shrubs and semi-shrubs. In addition, grazing-induced reduction
belowground biomass, as well as in total plant nitrogen and soil ammonium nitrogen, can strongly influence
ecosystem carbon exchange and soil respiration. When nitrogen is lost from the soil due to grazing, plants
reallocate resources belowground to maintain growth and development, thus promoting photosynthesis and
respiration.

Author contributions

8



P
os

te
d

on
25

A
p
r

20
24

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
71

40
73

98
.8

34
51

87
1/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

a
n
d

h
as

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Xin Ju : Data curation (equal); formal analysis (lead); investigation (lead); methodology (lead); resources
(equal); software (lead); visualization (lead); writing-original draft (lead); writing-review and editing (lead).
Bingying Wang andXiaojia Zhang : Data curation (Equal). Qian Wu : Conceptualization (lead);
funding acquisition (lead); project administration (lead); supervision (lead); validation (lead); Writing-
review & editing (Lead). Guodong Han : Conceptualization (lead); funding acquisition (lead); project
administration (lead); supervision (lead); validation (lead).

Data availability statement

The data that support the findings of this study are available in the Supporting Information of this article.

Acknowledgments

We thank Ting-Ting Shen, Yu-Xin Wang, Feng-Miao Zhao for continuously collecting data in the field and
for the laboratory analysis during the study period. We thank the Key Laboratory of Grassland Resources
of the Ministry of Education (Inner Mongolia Agricultural University) for their support, and also thank
anonymous referees for their constructive comments that significantly. This study was financially supported
by High-Level Talent Research Project of Inner Mongolia Agricultural University (NDYB2020-5), National
Natural Science Foundation of China (32192463).

References

Bajgain R, Xiao XM, Basara J,et al. (2018) Carbon dioxide and water vapor fluxes in winter wheat and
tallgrass prairie in central Oklahoma. Sci Total Environ 644 :1511-1524.

Barthelemy H, Stark S, Michelsen A, et al. (2018) Urine is an important nitrogen source for plants irrespective
of vegetation composition in an Arctic tundra: Insights from a N-15-enriched urea tracer experiment. Journal
of Ecology 106 :367-378.

Cao GM, Tang YH, Mo WH, et al. (2004) Grazing intensity alters soil respiration in an alpine meadow on
the Tibetan plateau. Soil Biol Biochem 36 :237-243.

Chang JF, Ciais P, Gasser T, et al. (2021) Climate warming from managed grasslands cancels the cooling
effect of carbon sinks in sparsely grazed and natural grasslands. Nat Commun12 :10.

Chen J, Shi WY, Cao JJ. (2015) Effects of grazing on ecosystem CO2 exchange in a meadow grassland on
the Tibetan Plateau during the growing season. Environ Manage55 :347-359.

Dai EF, Zhai RX, Ge QS, et al. (2014) Detecting the storage and change on topsoil organic carbon in
grasslands of Inner Mongolia from 1980s to 2010s. J Geogr Sci 24 :1035-1046.

Danielewska A, Urbaniak M, Olejnik J. (2015) Growing season length as a key factor of cumulative net
ecosystem exchange over the pine forest ecosystems in Europe. Int Agrophys 29 :129-135.

Diao HJ, Chen XP, Wang G, et al. (2022) The response of soil respiration to different n compounds addition
in a saline-alkaline grassland of northern China. J Plant Ecol 15 :897-910.

de la Motte LG, Mamadou O, Beckers Y, et al. (2018) Rotational and continuous grazing does not affect
the total net ecosystem exchange of a pasture grazed by cattle but modifies CO2 exchange dynamics. Agric
Ecosyst Environ 253 :157-165.

Derner JD, Boutton TW, Briske DD. (2006) Grazing and ecosystem carbon storage in the North American
Great Plains. Plant Soil280 :77-90.

Fang JY, Yang YH, Ma WH, et al. (2010) Ecosystem carbon stocks and their changes in China’s grasslands.
Sci China-Life Sci53 :757-765.

Ganjurjav H, Hu GZ, Wan YF, et al. (2018) Different responses of ecosystem carbon exchange to warming
in three types of alpine grassland on the central Qinghai-Tibetan Plateau. Ecol Evol8 :1507-1520.

9



P
os

te
d

on
25

A
p
r

20
24

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
71

40
73

98
.8

34
51

87
1/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

a
n
d

h
as

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Gong CJ, Wang AZ, Yuan FH, et al. (2021) Effects of soil nitrogen addition on crown CO2 exchange of
fraxinus mandshurica Rupr. Saplings. Forests 12 :19.

Hafner S, Unteregelsbacher S, Seeber E, et al. (2012) Effect of grazing on carbon stocks and assimilate
partitioning in a Tibetan montane pasture revealed by 13CO2 pulse labeling. Global Change Biology 18
:528-538.

Hao YB, Zhou CT, Liu WJ, et al. (2017) Aboveground net primary productivity and carbon balance remain
stable under extreme precipitation events in a semiarid steppe ecosystem. Agric For Meteorol 240 :1-9.

Helfter C, Campbell C, Dinsmore KJ, et al. (2015) Drivers of long-term variability in CO2 net ecosystem
exchange in a temperate peatland. Biogeosciences12 :1799-1811.

Hussain MZ, Saraswathi G, Lalrammawia C, et al. (2015) Leaf and ecosystem gas exchange responses of
buffel grass-dominated grassland to summer precipitation. Pedosphere 25 :112-123.

Jin YX, Tian DS, Li JW, et al. (2023) Water causes divergent responses of specific carbon sink to long-term
grazing in a desert grassland. Sci Total Environ 873 :8.

Jobbagy EG, Sala OE, Paruelo JM. (2002) Patterns and controls of primary production in the Patagonian
steppe: A remote sensing approach.Ecology 83 :307-319.

Knapp AK, Ciais P, Smith MD. (2017) Reconciling inconsistencies in precipitation-productivity relationships:
implications for climate change. New Phytol 214 :41-47.

Kuzyakov Y, Gavrichkova O. (2010) Time lag between photosynthesis and carbon dioxide efflux from soil:
a review of mechanisms and controls.Global Change Biology 16 :3386-3406.

LeBauer DS, Treseder KK. (2008) Nitrogen limitation of net primary productivity in terrestrial ecosystems
is globally distributed.Ecology 89 :371-379.

Lefcheck JS. (2016) PIECEWISESEM: Piecewise structural equation modelling in R for ecology, evolution,
and systematics. Methods Ecol Evol 7 :573-579.

Lei TJ, Feng J, Zheng CY, et al. (2020) Review of drought impacts on carbon cycling in grassland ecosystems.
Front Earth Sci14 :462-478.

Li F, Peng YF, Zhang DY, Yang GB, et al. (2019) Leaf area rather than photosynthetic rate determines the
response of ecosystem productivity to experimental warming in an Alpine steppe. J Geophys Res-Biogeosci
124 :2277-2287.

Li GY, Han HY, Du Y, et al. (2017a) Effects of warming and increased precipitation on net ecosystem
productivity: A long-term manipulative experiment in a semiarid grassland. Agric For Meteorol 232 :359-
366.

Li XD, Zhang CP, Fu H, et al. (2013) Grazing exclusion alters soil microbial respiration, root respiration
and the soil carbon balance in grasslands of the Loess Plateau, Northern China. Soil Sci Plant Nutr 59
:877-887.

Li ZY, Wu WZ, Liu XH, et al. (2017b) Land use/cover change and regional climate change in an arid
grassland ecosystem of Inner Mongolia, China. Ecol Model 353 :86-94.

Liang W, Lu YH, Zhang WB, et al. (2017) Grassland gross carbon dioxide uptake based on an improved
model tree ensemble approach considering human interventions: global estimation and covariation with
climate. Global Change Biology 23 :2720-2742.

Liang W, Zhang WB, Jin Z, et al. (2020) Estimation of global grassland net ecosystem carbon exchange
using a model tree ensemble approach. J Geophys Res-Biogeosci 125 :20.

10



P
os

te
d

on
25

A
p
r

20
24

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
71

40
73

98
.8

34
51

87
1/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

a
n
d

h
as

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Liu YY, van Dijk A, de Jeu RAM, et al. (2015) Recent reversal in loss of global terrestrial biomass. Nat
Clim Chang5 :470-474.

Luo YQ, Wan SQ, Hui DF, et al. (2001) Acclimatization of soil respiration to warming in a tall grass prairie.
Nature413 :622-625.

Martens CS, Shay TJ, Mendlovitz HP, et al. (2004) Radon fluxes in tropical forest ecosystems of Brazilian
Amazonia:: night-time CO<sub>2</sub> net ecosystem exchange derived from radon and eddy covariance
methods.Global Change Biology 10 :618-629.

Niu SL, Wu MY, Han Y, et al. (2008) Water-mediated responses of ecosystem carbon fluxes to climatic
change in a temperate steppe. New Phytol 177 :209-219.

Niu YY, Li YQ, Liu W, et al. (2023) Effects of environment factors on the carbon fluxes of semi-fixed sandy
land recovering from degradation. Front Ecol Evol 11 :14.

Oba G, Mengistu Z, Stenseth NC. (2000) Compensatory growth of the African dwarf shrub Indigofera spinosa
following simulated herbivory.Ecol Appl 10 :1133-1146.

Ondier JO, Okach DO, Onyango JC, et al. (2021) Ecosystem productivity and CO2 exchange response to
the interaction of livestock grazing and rainfall manipulation in a Kenyan savanna. Environ Sustain Indic 9
:8.

Onoda Y, Hikosaka K, Hirose T. (2004) Allocation of nitrogen to cell walls decreases photosynthetic nitrogen-
use efficiency. Funct Ecol 18 :419-425.

Oram NJ, Ingrisch J, Bardgett RD, et al. (2023) Drought intensity alters productivity, carbon allocation
and plant nitrogen uptake in fast versus slow grassland communities. Journal of Ecology19 .

Peng F, You QG, Xu MH, et al. (2014) Effects of warming and clipping on ecosystem carbon fluxes across
two hydrologically contrasting years in an Alpine Meadow of the Qinghai-Tibet Plateau.PLoS One 9 :14.

Peng F, You QG, Xu MH, et al. (2015) Effects of experimental warming on soil respiration and its components
in an alpine meadow in the permafrost region of the Qinghai-Tibet Plateau. Eur J Soil Sci 66 :145-154.

Peng Y, Jiang GM, Liu XH, et al. (2007) Photosynthesis, transpiration and water use efficiency of four plant
species with grazing intensities in Hunshandak Sandland, China. J Arid Environ70 :304-315.

Pineiro G, Paruelo JM, Oesterheld M, et al. (2010) Pathways of Grazing Effects on Soil Organic Carbon
and Nitrogen. Rangel Ecol Manag 63 :109-119.

Pregitzer KS, Burton AJ, King JS, Zak DR. (2008) Soil respiration, root biomass, and root turnover following
long-term exposure of northern forests to elevated atmospheric CO2 and tropospheric O3. New Phytol 180
:153-161.

Rebane S, Jogiste K, Kiviste A, et al. (2020) C-exchange and balance following clear-cutting in hemiboreal
forest ecosystem under summer drought. Forest Ecology and Management 472 .

Schimel DS, House JI, Hibbard KA, et al. (2001) Recent patterns and mechanisms of carbon exchange by
terrestrial ecosystems.Nature 414 :169-172.

Schuman GE, Janzen HH, Herrick JE. (2002) Soil carbon dynamics and potential carbon sequestration by
rangelands. Environ Pollut116 :391-396.

Scurlock JMO, Hall DO. (1998) The global carbon sink: a grassland perspective. Global Change Biology 4
:229-233.

Sha ZY, Bai YF, Lan H, et al. (2020) Can more carbon be captured by grasslands? A case study of Inner
Mongolia, China. Sci Total Environ 723 :14.

11



P
os

te
d

on
25

A
p
r

20
24

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
71

40
73

98
.8

34
51

87
1/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

a
n
d

h
as

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Shi LA, Lin ZR, Tang SM, et al. (2022) Interactive effects of warming and managements on carbon fluxes
in grasslands: A global meta-analysis. Agric Ecosyst Environ 340 :11.

Smith P. (2014) Do grasslands act as a perpetual sink for carbon?Global Change Biology 20 :2708-2711.

Smith VR. (2005) Moisture, carbon and inorganic nutrient controls of soil respiration at a sub-Antarctic
island. Soil Biol Biochem37 :81-91.

Tang XL, Zhao X, Bai YF, et al. (2018) Carbon pools in China’s terrestrial ecosystems: New estimates
based on an intensive field survey. Proc Natl Acad Sci U S A 115 :4021-4026.

Veldhuis MP, Gommers MI, Olff H, et al. (2018) Spatial redistribution of nutrients by large herbivores and
dung beetles in a savanna ecosystem. Journal of Ecology 106 :422-433.

Wang M, Fu X, Shi F, et al. (2014) Compensatory growth responding to clipping: a case study in a
subtropical grassland northeast of Chongqing grassland northeast of Chongqing(in Chinese). Chinese Journal
of Applied and Environmental Biology 20 (3): 474-483.

Wang YB, Zhao QG, Wang ZW, et al. (2023) Overgrazing leads to decoupling of precipitation patterns and
ecosystem carbon exchange in the desert steppe through changing community composition. Plant Soil 486
:607-620.

Wu JJ, Goldberg SD, Mortimer PE, et al. (2016) Soil respiration under three different land use types in a
tropical mountain region of China. J Mt Sci 13 :416-423.

Wu Q, Ren HY, Bisseling T, et al. (2021) Long-term warming and nitrogen addition have contrasting effects
on ecosystem carbon exchange in a Desert Steppe. Environ Sci Technol 55 :7256-7265.

Xia JY, Wan SQ. (2008) Global response patterns of terrestrial plant species to nitrogen addition. New
Phytol 179 :428-439.

Xu MJ, Sun Y, Zhang T, et al. (2022) Biotic effects dominate the inter-annual variability in ecosystem
carbon exchange in a Tibetan alpine meadow. J Plant Ecol 15 :882-896.

Yuan W, Luo Y, Liang S, et al. 2011. Thermal adaptation of net ecosystem exchange. Biogeosciences 8
:1453-1463.

Zaret M, Kinkel L, Borer ET, et al. (2023) Soil nutrients cause threefold increase in pathogen and herbivore
impacts on grassland plant biomass. Journal of Ecology :12 .

Zhang F, Bennett JA, Zhang B, et al. (2023) Cessation of grazing stabilizes productivity through effects on
species asynchrony and stability of shrub/semi-shrub plants in arid grasslands. Agric Ecosyst Environ 348
:10.

Zhang R, Zhao XY, Zuo XA, et al. (2020) Drought-induced shift from a carbon sink to a carbon source in
the grasslands of Inner Mongolia, China. Catena 195 :11.

Zhang RY, Wang ZW, Han GD, et al. (2018) Grazing induced changes in plant diversity is a critical factor
controlling grassland productivity in the Desert Steppe, Northern China. Agric Ecosyst Environ 265 :73-83.

Zhou W, Huang L, Yang H, et al. (2019) Interannual variation in grassland net ecosystem productivity and
its coupling relation to climatic factors in China. Environ Geochem Health41 :1583-1597.

Table 1: Repeated-measures ANOVA for above-ground biomass and biomass of plant functional groups.

plant biomass Month Month Grazing intensity Grazing intensity Month × Grazing intensity Month × Grazing intensity

F value P value F value P value F value P value
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plant biomass Month Month Grazing intensity Grazing intensity Month × Grazing intensity Month × Grazing intensity

SS(g·m-2) 4.22 0.02 10.62 0.004 2.22 0.05
PF(g·m-2) 9.74 ¡0.001 8.28 0.008 3.96 0.003
AB(g·m-2) 19.62 ¡0.001 4.66 0.025 0.97 0.49

The F values are presented together with their levels of significance. AGB, PG, SS, PF and AB represent
aboveground biomass, perennial grass biomass, shrub and semi-shrub biomass, perennial forb biomass and
annual and biennial plant biomass.

Table 2: Repeated-measures ANOVA for ecosystem carbon fluxes and soil respiration.

ecosystem fluxes Month Month Grazing intensity Grazing intensity Month × Grazing intensity Month × Grazing intensity

F value P value F value P value F value P value
NEE(μmol·m-2·s-1) 1280.10 ¡0.001 32.56 0.004 7.59 ¡0.001
ER(μmol·m-2·s-1) 190.52 ¡0.001 2.28 0.16 3.64 0.06
GEP(μmol·m-2·s-1) 1082.33 ¡0.001 40.77 ¡0.001 8.02 ¡0.001
SR(μmol·m-2·s-1) 48.76 ¡0.001 1.98 0.2 1.42 0.21

The F values are presented together with their levels of significance. NEE, ER, GEP and SR represent net
exchange of ecosystem CO2, ecosystem respiration, gross ecosystem productivity and soil respiration.

Figure legends

Figure 1: The effects of grazing intensity on plant aboveground biomass, belowground biomass, plant
community carbon and nitrogen content. Different lowercase letters indicate significant differences between
means at p < 0.05. Error bards are ± SE, Codes of different treatments are as follows: CK, control/no
grazing; LG, light grazing; MG, moderate grazing; HG, heavy grazing.

Figure 2: The effects of grazing intensity and month on plant aboveground biomass and biomass of plant
functional groups. Each panel represents a different grouping of plant biomass. Different lowercase letters
indicate significant differences between means at p< 0.05. Error bards are ± SE, and the lines in panels
b-e show the biomass of each plant functional group during the 2020 growing season. Codes of different
treatments are as follows: CK, control/no grazing; LG, light grazing; MG, moderate grazing; HG, heavy
grazing.

Figure 3: The effects of grazing intensity on soil nutrients. Different lowercase letters indicate significant
differences between means at p < 0.05. Error bars are ± SE. Codes of different treatments are as follows:
CK, control / no grazing; LG, light grazing; MG, moderate grazing; HG, heavy grazing.

Figure 4: Monthly dynamics of ecosystem fluxes. Panels show the mean value (±SE) of net exchange of
ecosystem CO2 (a, NEE), ecosystem respiration (b, ER), gross ecosystem productivity (c, GEP) and soil
respiration (d, SR) in the growing season (June-October) of 2020. The inset reflects the differences between
treatments in the 2020 growing season, where positive and negative values represent net carbon release and
uptake by the ecosystem and do not indicate the magnitude of the values. Different lowercase letters indicate
significant differences between treatments (p < 0.05), Codes of different treatments are the same as in Figure
3.

Figure 5: Biplot of ecosystem carbon exchange (NEE, ER, GEP, SR) from redundancy analysis (RDA)
for plant factors (a) and soil factors (b). GLM analysis was used to study the contribution of the plant
and soil factors to the net exchange of ecosystem CO2 (c, NEE), ecosystem respiration (d, ER), gross
ecosystem productivity (e, GEP) and soil respiration (f, SR). a-b, Ecosystem carbon exchange is represented
as red lines with arrows; plant factors (a) and soil factors (b) are represented as blue lines with arrows.
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The length of the line indicates the magnitude of the correlation between the explanatory variable and
ecosystem carbon exchange. The angle between the lines indicates the correlation between the variables, and
the angle between the red and blue arrows is less than 90° for positive correlations. Codes of different plant
factors (a) are as follows: AGB, aboveground biomass; BGB, belowground biomass; PG, perennial grass
biomass; AB, annual and biennial plant biomass; PF, perennial forb biomass; SS, shrub and semi-shrub
biomass; PTC, plant total carbon; PTN, plant total nitrogen; C/N, the ratio of total plant carbon content
to total plant nitrogen content. Codes of different soil factors (b) are as follows: TC, total carbon; TN, total
nitrogen; TP, total phosphorus; SOC, organic carbon; AN, ammonium nitrogen; NN, nitrate nitrogen; AP,
available phosphorus; MBC, microbial biomass carbon; MBN, microbial biomass nitrogen. c-f, Importance of
individual environmental variables across models for ecosystem carbon exchange is shown for each indicator
as variable importance weighted by % of R2.

Figure 6: Structural equation models (SEM) examining the standard total effects of plant and soil factors
on Ecosystem carbon exchange under different grazing intensities. Boxes stand for measured variables in the
model. Standardized path coefficients are given. Solid black lines represent positive paths (p < 0.05), solid
red lines represent negative paths (p < 0.05), and dotted black arrows represent non-significant paths (p>
0.05).

Supplementary Material

Table S1: Basic information on plant species and plant functional groups during 2020 at the study site.

Latin name of species Plant functional groups

Stipa breviflora Griseb. perennial grass
Stipa krylovii Roshev. perennial grass
Cleistogenes songorica (Roshev.) Ohwi. perennial grass
Leymus chinensis (Trin.) Tzvel. perennial grass
Cleistogenes squarrosa (Trin.) Keng. perennial grass
Agropyron cristatum (L.) Gaertn. perennial grass
Convolvulus ammannii Desr. perennial forb
Allium tenuissimum L. perennial forb
Allium mongolicum Regel. perennial forb
Astragalus galactites Pall. perennial forb
Lagochilus ilicifolius Bunge ex Benth. perennial forb
Carex pediformis C. A. Mey. perennial forb
Aster altaicus Willd. perennial forb
Cymbaria daurica L. perennial forb
Allium ramosum L. perennial forb
Iris tenuifolia Pall. perennial forb
Sibbaldianthe bifurca (L.) Kurtto & T. Erikss. perennial forb
Artemisia frigida Willd. subshrub
Caragana microphylla Lam. shrub
Caragana stenophylla Pojark. shrub
Bassia prostrata (L.) Beck. subshrub
Kali collinum (Pall.) Akhani & Roalson. annual and biennial plant
Neopallasia pectinata (Pall.) Poljak. annual and biennial plant
Artemisia scoparia Waldst. et Kit. annual and biennials plant
Chenopodium glaucum L. annual and biennial plant
Teloxys aristata (L.) Moq. annual and biennial plant
Euphorbia humifusa Willd. annual and biennial plant
Lappula myosotis Moench. annual and biennial plant
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Figure S1: Daily mean air temperature (lines) and daily precipitation (bars) in the growing seasons in
2020.

Figure S2: Soil temperature (a) and soil moisture (b) at 10 cm soil depth under different grazing intensity
in growing seasons (June - October 2020)

Figure S3: Correlations between air temperature (a), precipitation (b), soil temperature (c), soil moisture
(d) and ecosystem CO2 fluxes (NEE, ER, GEP, SR) in the growing season of 2020.

15



P
os

te
d

on
25

A
p
r

20
24

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
71

40
73

98
.8

34
51

87
1/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

a
n
d

h
as

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

16



P
os

te
d

on
25

A
p
r

20
24

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
71

40
73

98
.8

34
51

87
1/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

a
n
d

h
as

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

17



P
os

te
d

on
25

A
p
r

20
24

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
71

40
73

98
.8

34
51

87
1/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

a
n
d

h
as

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

18



P
os

te
d

on
25

A
p
r

20
24

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
71

40
73

98
.8

34
51

87
1/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

a
n
d

h
as

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

19



P
os

te
d

on
25

A
p
r

20
24

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
71

40
73

98
.8

34
51

87
1/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

a
n
d

h
as

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

20



P
os

te
d

on
25

A
p
r

20
24

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
71

40
73

98
.8

34
51

87
1/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

a
n
d

h
as

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

21


