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Abstract

Desert steppe ecosystems, characterized by water limitation and high sensitivity to global
climate change and anthropogenic disturbance drivers, experience profound alterations
in carbon (C) cycling processes driven by the multiplicative interactions among grassland
grazing, altered precipitation regimes, and elevated atmospheric nitrogen deposition.
However, how historical grazing legacies modulate ecosystem responses to concurrent
changes in nitrogen deposition and precipitation regimes remains poorly resolved. To
address this, we conducted a field experiment manipulating water and nitrogen addition
across grazing intensities (no grazing, light grazing, moderate grazing, heavy grazing)
in a Stipa breviflora desert steppe. Over three consecutive growing seasons (2015-2017),
we continuously monitored net ecosystem CO; exchange (NEE), ecosystem respiration
(ER), and gross ecosystem production (GEP) to quantify ecosystem CO, fluxes under these
interacting global change drivers. Results revealed that water and nitrogen addition did
not alter seasonal CO, flux dynamics across grazing intensities. Light grazing enhanced
ecosystem C sink capacity, whereas heavy grazing reduced NEE and GEP, diminishing C
sink strength. Water addition significantly increased CO; fluxes, strongly correlated with
soil moisture. Nitrogen addition exerted a weak C source effect in a water-deficient year
but enhanced the C sink in a water-rich year. Nitrogen plus water addition significantly
boosted C sink potential, though this effect diminished along the grazing pressure gradient.
Our findings demonstrate that the impacts of climate change on soil C fluxes in desert
steppes are mediated by historical grazing intensity. Future manipulative experiments
should explicitly incorporate grazing legacy effects, and integrate this factor into C models
to generate reliable predictions of grassland C dynamics under global change scenarios.

Keywords: desert steppe; grazing intensity; precipitation increase; nitrogen addition; net
ecosystem CO, exchange

1. Introduction

China possesses globally significant grassland resources, covering approximately 41%
of its terrestrial area [1]. These grassland ecosystems deliver critical ecological services,
including carbon sequestration, wind erosion control, water conservation, soil retention,
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and biodiversity conservation. Consequently, they represent substantial carbon (C) sinks
with considerable potential to mitigate global climate change [1,2]. As an integrative metric
of ecosystem C source-sink dynamics, net ecosystem CO; exchange (NEE) reflects the
balance between gross ecosystem productivity (GEP) and ecosystem respiration (ER) [3,4].
These component fluxes exhibit differential sensitivity to environmental drivers: GEP is
primarily constrained by photosynthetically active radiation, nutrient availability, and
plant phenological status, whereas ER responds strongly to soil temperature, moisture
thresholds, and substrate supply. Consequently, NEE magnitude and directionality emerge
from hierarchical interactions among biotic controls and abiotic forcings rendering it a
highly responsive indicator of global change perturbations. Grasslands worldwide, particu-
larly semi-arid grasslands in China, are subject to dual pressures from climate change (e.g.,
nitrogen deposition, altered precipitation) and land-use change (e.g., overgrazing) [5-7].
These drivers alter plant and microbial biodiversity, thereby modifying C cycling and
generating divergent feedbacks to climate change [8,9]. Water and nitrogen represent key
limiting resources in grassland ecosystems, while grazing serves as the dominant land-use
practice in desert steppes [10]. These factors act in concert to modify multiple biotic and
abiotic components [5,6], fundamentally altering the ecosystem structure, function, and sta-
bility [8,11], thereby impacting the ecosystem C cycle. Previous research on desert steppes
remains limited, with most grazing experiments being short-term [10,12]. Consequently,
the mechanisms by which long-term grazing influences ecosystem C processes through
alterations in biotic and abiotic parameters remain unclear. While the individual effects of
nitrogen deposition and precipitation changes on C fluxes are relatively well-established,
how long-term grazing intensities modulate these effects has rarely been assessed.

Research on ecosystem C exchange in China spans the Qinghai-Tibet Plateau [13,14],
meadow steppes [15,16], typical steppes [17,18], and desert steppes [19,20]. Grazing live-
stock influence ecosystem C fluxes’ components by altering community biomass, vegetation
structure, soil physicochemical properties, and microclimate through foraging, trampling,
and excretion [21]. Intensive grazing exacerbates grassland degradation, triggering shifts in
plant community composition and structure, reducing species diversity and productivity,
and significantly diminishing belowground net primary production (BNPP). Consequently,
soil nutrient content and retention capacity decline, accompanied by alterations in enzyme
activity and organic carbon [22,23]. These changes accelerate CO, release, impacting grass-
land C cycling. Conversely, studies indicate that moderate grazing can enhance ecosystem
CO, uptake potential [24,25], while others report negligible effects of grazing on CO,
fluxes [26,27]. However, previous investigations into C fluxes’ responses to grazing have
typically assessed few intensity levels or short grazing histories [10]. A comprehensive as-
sessment across multiple grazing intensities over extended periods (>10 years) is therefore
essential to elucidate grazing impacts on CO; fluxes.

Extensive evidence demonstrates that increased precipitation significantly enhances
NEE in arid and semi-arid ecosystems [28,29]. This is attributed to the fact that the increase
in precipitation leads to a greater rise in GEP compared to ER, with the extent of this in-
crease depending on the degree of precipitation increase [28] and the level of environmental
nutrient supply [30]. However, other studies have found that after precipitation increase,
the rise in ER was equal to or greater than GEP, ultimately maintaining the ecosystem’s
C sink capacity or shifting it from a C sink to a source [31,32]. Consequently, there are
many controversies surrounding the impact of precipitation change on NEE, and the mech-
anism underlying the positive or negative correlation effect is highly complex [33,34]. This
complexity may be due to differences in climate, vegetation, and soil types. Moreover, vari-
ations in soil water retention capacity and the distribution of natural precipitation also lead
to inconsistent responses of ecosystem C exchange to precipitation increase [35,36]. There-
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fore, further research on the response of desert steppe ecosystem C fluxes to precipitation
increase under future climate change holds great significance.

It is widely recognized that nitrogen input exerts an influence on the two key processes
of C uptake and emission in grassland ecosystems. Nitrogen deposition elevates soil
nitrogen availability, stimulating plant photosynthesis and growth. This enhances leaf
area index, aboveground productivity, and GEP, while improving ecosystem water use
efficiency [37,38]. However, long-term nitrogen addition experiments reveal that initial
positive effects on ecosystem C exchange often progressively weaken or reverse over time.
For example, in a temperate Inner Mongolian grassland, nitrogen-induced stimulation of
net ecosystem C exchange consistently diminished with extended treatment duration [39].
This might be attributed to the increasing nitrogen deposition, which could acidify the soil
or produce ammonia toxicity, inhibit microbial growth and activity, reduce species richness,
or intensify the restriction of soil water on grasslands, thereby altering the ecosystem
structure and function [40], and consequently impacting the ecosystem C cycle. Moreover,
grassland productivity is co-limited by nitrogen and water availability. Consequently,
nitrogen addition effects on ecosystem carbon exchange are inherently water dependent,
indicating that both factors jointly regulate C fluxes [41,42]. For example, research findings
in a grassland ecosystem in North America showed that the response of ecosystem C
exchange to nitrogen addition was contingent upon the rainfall pattern, being promoted in
wet years and suppressed in dry years [30]. Consequently, the direction and magnitude of
interactive effects between climatic factors (e.g., nitrogen deposition, precipitation increase)
and the anthropogenic driver (grazing) on water and nitrogen inputs vary across grassland
types. This variation triggers divergent responses in ecosystem C fluxes’ components.
Therefore, how grasslands under chronic grazing pressure modify water and nitrogen
inputs remains poorly constrained.

This study leverages an 11-year grazing platform (with four grazing intensities) es-
tablished in a desert steppe. We investigated the effects of resource additions (water and
nitrogen) on ecosystem CO; fluxes” components under different grazing scenarios. The
grazing experiment was initiated in 2002, with water and nitrogen additions implemented
from 2013 to 2017. By 2013 (baseline for this study), grazing had already altered vegetation
and soil properties [19]. Our research addresses the following questions: (1) What were
the effects of water, nitrogen, and their interactions on ecosystem CO; fluxes following
nitrogen and water supplementation in a desert steppe under different grazing intensities,
and how did the source and sink capacities change? Based on the Intermediate Disturbance
Hypothesis, we propose that resource enhancement will most effectively promote carbon
sequestration in grassland ecosystems under moderate grazing intensity. (2) How does
resource enrichment modulate the relationship between ecosystem CO; fluxes and key abi-
otic drivers such as soil temperature and moisture? We hypothesize that soil temperature
will assume a dominant role in regulating CO, fluxes’ variations once resource limitations
are alleviated.

2. Materials and Methods
2.1. Study Site

The study site is located in the desert steppe of Siziwang Banner, Inner Mongolia,
China (41°46'43.6"” N, 111°53/41.7" E), at an average altitude of 1456 m. This region has a
persistent mid-temperate continental climate, characterized by arid springs with persistent
winds and hot, low-precipitation summers. The mean average precipitation is 280 mm,
contrasting with evaporation rates 7-10 times higher. Prevailing northwesterly winds
sustain an annual wind speed of 4-5 m-s~ 1. Soils are classified as Kastanozem (FAO)
with a sandy loam texture. Vegetation comprises sparse, low-stature communities (mean
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height: 8 cm; coverage: 17-20%) dominated by the foundation species Stipa breviflora,
with codominants including Artemisia frigida and Cleistogenes songorica. Over 20 species
collectively characterize this ecosystem [43].

2.2. Experimental Design

Along-term grazing experiment (initiated 2002) in a desert steppe comprises four graz-
ing intensities with three replicate plots per treatment: no grazing (NG), light grazing (LG),
moderate grazing (MG), and heavy grazing (HG). Grazing intensities were defined as 0,
0.91, 1.82, and 2.71 sheep-hm~2-half year !, respectively. Consequently, 12 experimental
plots were established for research. The grazing period was six months from 1 June to 30
November [19]. In 2013, nested 8 m x 8 m subplots were established within each grazing
plot. Four isolated 2 m X 2 m treatment quadrats (galvanized iron barriers: 20 cm buried +
5 cm aboveground) with 1 m buffers were implemented per subplot: control (CK), nitrogen
addition (N), water addition (W), and nitrogen plus water addition (NW). This created
48 quadrats (4 grazing intensities x 3 replicates X 4 treatments). Water addition treatments
received 108 mm annually (equivalent to 40% of mean annual precipitation), applied as
36 mm per month in four equal weekly increments of 9 mm during June-August. Nitrogen
was applied as calcium ammonium nitrate at a rate of 10.00 g N-m~2.yr~!, evenly dis-
tributed across three application dates (1 June, 1 July, and 1 August) to minimize localized
nutrient effects [44].

2.3. Measurements of Ecosystem Carbon Fluxes, Soil Moisture, and Temperature

Data collection was conducted during three consecutive growing seasons (June—
September 2015-2017). Ecosystem CO, fluxes were measured using an static chamber
by an infrared gas analyzer (LI-COR, Lincoln, NE, USA) [45]. The transparent assimilation
chamber (50 cm x 50 cm x 50 cm plexiglass) featured two internal mixing fans and an
integrated temperature probe for continuous air monitoring. A stainless steel base collar
(50 cm x 50 cm; height: 8 cm) was permanently installed to 6 cm soil depth, creating a
sealed measurement volume when coupled with the chamber. NEE measurements were
performed monthly during 2015-2016 and biweekly from July to September 2017 (post two-
year water—nitrogen amendment), consistently between 8:00 and 12:00 h under cloud-free
conditions. A minimum of 60 s of continuous CO, concentration data was captured during
each measurement to ensure valid flux calculations. Following NEE measurement, the
assimilation chamber was removed and ventilated manually until internal CO, concentra-
tions equilibrated with ambient air. It was then resealed on the base collar and immediately
covered with a shading cloth to measure ER [46]. Soil temperature at 10 cm depth was mea-
sured using a soil temperature probe, while soil moisture (0-10 cm layer) was determined
with a TDR-300 soil moisture meter (Spectrum Technologies, Aurora, IL, USA). Negative
NEE values represented net CO, uptake by the ecosystem, whereas positive values denoted
net CO; release. GEP was subsequently calculated from NEE and ER.

2.4. Data Analysis

To avoid operational disturbances, data from the first and last 10 s of each recording
period were excluded prior to calculation. The rate of CO, concentration change (dc/dt)
was calculated by a linear fitting method, that is, the slope. The CO, exchange rate
(Rs, pmol-m~2.s71) was calculated by the following formula:

VP.y (1000 — Way)  dc
Rs = X —
RS(Tay +273) dt
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The key parameters are defined as follows: V denotes the volume of the assimilation
chamber (m3), calculated as the product of length, width, and total height (chamber height
+ base elevation above ground). P;, represents the mean atmospheric pressure (kPa) inside
the chamber during measurement. W,, indicates the mean water vapor partial pressure
(mmol-mol~') in the chamber during the measurement. R is the universal gas constant
8.314 J-mol~1-K~1. S corresponds to the surface area covered by the assimilation chamber
(m?). Ty signifies the mean air temperature inside the chamber during measurement.

We employed linear mixed models (LMMs) to assess the effects of year (Y), historical
grazing intensity (GI), water addition (W), nitrogen addition (N), and their interactions
on soil temperature (ST), soil moisture (SM), NEE, ER, and GEP. GI, N, W, Y, and their
interactions were treated as fixed effects, with subplot as a random effect. Differences
in ST and SM among the control (CK), W, N, and NW treatments across three years
were tested using one-way ANOVA followed by least square method (LSD) post hoc
tests. Similarly, one-way ANOVA compared: (i) NEE, ER, and GEP across CK, W, N,
and NW under the same GI; and (ii) NEE, ER, and GEP across GI levels within each
treatment (CK/W/N/NW). Significance was set at p < 0.05. Linear regression analyzed the
relationships between ecosystem CO, fluxes (NEE/ER/GEP) and abiotic drivers (ST/SM).
Data in figures represent means =+ standard error (SE). All analyses used R 4.2.3 (R Core
Team 2023).

3. Results
3.1. Air Temperature and Precipitation

The annual mean temperatures during 2015-2017 exhibited a unimodal pattern, mea-
suring 5.0 °C, 4.5 °C, and 5.7 °C, respectively, with 2017 being the warmest year. Monthly
temperatures during the growing season (June-September) showed a progressive increase
across the three years, averaging 17.0 °C, 17.5 °C, and 18.9 °C, respectively. July consistently
recorded the highest monthly temperatures (20.6 °C, 20.5 °C, and 23.0 °C), marginally ex-
ceeding the 50-year baseline mean (20.0 °C, 1965-2014), while September exhibited the
lowest temperatures. Annual precipitation totals were 276.7 mm, 422.4 mm, and 272.3 mm
for 2015-2017, respectively, with corresponding growing season precipitation amounts of
204.7 mm, 322.8 mm, and 157.9 mm. The 2016 growing season precipitation surpassed the
regional long-term average (230.7 mm, 1965-2014) by 39.9%, representing 1.58 times and
2.04 times the 2015 and 2017 values, respectively (Figure 1), qualifying as a high-rainfall
year. Conversely, 2015 and 2017 growing season precipitation fell below the baseline by
11.27% and 31.6%, characteristic of low-rainfall years. Distinct seasonal distribution pat-
terns emerged: 63.2% of 20162017 precipitation was concentrated in June—July, whereas
2015 showed peak accumulation in June and September. August consistently recorded
minimal precipitation across all years, with particularly low values of 14.0 mm (2015) and
16.2 mm (2017).

3.2. Soil Temperature and Soil Moisture

The change rule of ST was basically consistent with that of atmospheric temperature.
The peak value of ST occurred in July in 2015 and 2016, and the higher temperature occurred
in late June and July in 2017. The peak value of SM occurred in late June in 2015, and
both occurred in late July in 2016 and 2017. SM increased significantly due to W (Figure 2).
According to the linear mixed model analysis results for Y, GI, W, and N (Table 1), GI and
W had highly significant effects on ST (p < 0.001), while N showed no significant effect
(p > 0.05). N, W, and their interaction significantly affected SM (p < 0.05). The interactions
between Y and W, as well as Y and N, also significantly influenced SM (p < 0.01). GI had no
significant effect on SM (p > 0.05).
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Figure 1. Daily mean air temperature and precipitation during growing seasons across the study
period in Siziwang banner.
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Figure 2. Changes in soil temperature and soil moisture in 2015-2017 growing season. CK, N, W, and
NW represent no water and nitrogen addition, nitrogen addition, water addition, and water plus
nitrogen addition, respectively. Each data point is the average of all repeated observations in that day
under the treatment. Different lowercase letters indicate significant differences among treatments.
The same notes are applicable as used in the following figures.

3.3. Characteristics of Ecosystem CO, Fluxes Under Water and Nitrogen Addition Treatments

LMM analysis revealed highly significant effects of GI on NEE and GEP (p < 0.01), but
no significant effect on ER (p > 0.05). Both N and W significantly affected NEE, ER, and
GEP (p < 0.05). The interaction between Y and W demonstrated highly significant effects on
NEE, ER, and GEP (p < 0.001). Conversely, the Y and N interaction showed no significant
effects (p > 0.05). Significant interactions were observed between GI and W for ER and GEP,
and between N and W for NEE and GEP (p < 0.05; Table 1).

The seasonal dynamics of NEE, ER, and GEP from 2015 to 2017 are shown in Figure 3.
Overall, the peak value of CO, fluxes mostly occurred in July in the desert steppe ecosystem.
In 2015, without water supplement (CK and N) showed a weak C source, and only the CK
treatment in the NG plot showed a weak C sink in June and July. The peak value of NEE
appeared in July under water supplement (W and NW), and appeared as a weak C sink
mostly. The peak value of ER appeared mostly in July, and the highest ER values occurred
2.s71and 4.20 pmol-m—2-s71,

s7h).

in W and NW in moderate grazing, which were 4.18 pmol-m™
respectively. The lowest ER appeared in heavy grazing in September (0.51 tmol-m 2
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The GEP peaked in late July. Net C uptake occurred in the whole growing season in
2016, and was enhanced with plant growth. The peak value of NEE appeared in July, and
gradually decreased in September. The peaks value of ER and GEP also occurred in July.
Net C uptake occurred mostly in the 2017 growing season, with NEE peaking at the end of
July, while ER and GEP also reached their highest levels.

Table 1. The effects of year (Y), grazing intensity (GI), water addition (W), and nitrogen addition
(N) on soil temperature (ST), soil moisture (SM), net ecosystem CO, exchange (NEE), ecosystem
respiration (ER), and gross ecosystem productivity (GEP) were analyzed by linear mixed model.

ST SM NEE ER GEP
Y 0.17 3.80 0.01 0.08 0.03

GI 29.73 *** 1.64 24.37 *** 0.62 12.88 **

w 21.39 *** 1367.44 ***  358.07 *** 312.52 *** 455.71 ***

N 1.26 45.73 *** 14.57 *** 5.20*% 13.24 ***
Y x GI 4.10* 1.63 0.05 5.72* 1.92

Y xW 7.09 ** 33.42 *** 14.04 *** 30.20 *** 27.66 ***
Y x N 1.54 8.66 ** 1.95 1.17 2.13
Gl x W 1.29 2.13 1.78 5.67 * 4.36 *
GI x N 3.15 0.58 0.09 1.33 0.63
W x N 3.78 6.57 % 4.07* 3.70 5.28*
Y xGIxW 0.01 8.77 ** 0.01 0.52 0.09
Y x GI x N 0.03 1.23 0.26 0.29 0.003
Y X W x N 212 4.54* 1.77 2.28 2.69
Gl x W x N 0.08 1.02 0.27 1.65 1.00
Y x GI x Wx N 0.06 0.32 0.01 0.41 0.17

*,p <0.05;**, p < 0.01; ***, p < 0.001. Using grazing intensity (GI), water addition (W), nitrogen addition (N), and
year (Y) as fixed factors, and subplot as random factor.

Analysis of three-year mean values demonstrated significant grazing legacy effects
on CO; fluxes: NEE was significantly lower in NG and LG than in MG and HG (p < 0.05;
Figure 4a). ER reached minimal levels under HG, showing a significant reduction compared
to LG and MG (Figure 4b), while GEP peaked in LG but was most suppressed under HG
(p < 0.05; Figure 4c). Annual patterns further demonstrated treatment interactions: In 2015,
NG exhibited the lowest NEE (significantly below all grazed treatments; p < 0.05), while
LG was lower than MG; ER peaked in MG (p < 0.05 vs. NG/HG), and HG consistently
suppressed GEP (p < 0.05). During the water-rich 2016 (growing-season precipitation: 158%
of 2015), enhanced CO, fluxes activity coincided with HG reducing NEE relative to NG/LG
(p < 0.05) while altering ER and GEP versus all other treatments (p < 0.05). By 2017, HG
significantly depressed NEE while elevating ER, whereas LG stimulated GEP (p < 0.05;
Figure 4).

Analysis of the three-year mean ecosystem CO, fluxes revealed that water supplement
(W and NW) significantly enhanced fluxes compared to without water supplement (CK
and N) (p < 0.05; Figure 5). In 2015, NEE represented a net C sink under CK in the NG,
but a net source in all grazed CK. All N resulted in weak C sources, with source strength
increasing with grazing intensity (NG < LG < MG < HG). Conversely, water supplement
(W and NW) shifted NEE to a weak sink, with sink capacity decreasing as grazing intensity
increased (NG > LG > MG > HG). Both annual ER and GEP were significantly higher under
water supplement (W, NW) than without water supplement (CK, N) (p < 0.05). In 2016, N
and W significantly promoted NEE in the NG. Within LG and HG, the annual mean NEE
under NW was significantly lower than under other grazing treatments. In the HG plot,
both N and W showed significantly lower NEE than CK. ER was significantly higher under
N compared to CK in NG and LG, while W significantly increased ER versus CK in HG.
Across all grazing intensities, NW significantly elevated ER relative to CK. Annual GEP
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was significantly higher under N than CK in NG and HG; W also significantly increased
GEP versus CK in HG. Furthermore, NW significantly enhanced GEP compared to both
CK and N across all grazing intensities (p < 0.05). During 2017, water supplement (W, NW)
significantly increased the annual means of all CO; fluxes (NEE, ER, GEP) compared to
without water supplement (CK, N). N reduced annual NEE, transforming the HG into
a weak C source; N under MG was significantly lower than CK. Within HG, the annual
mean ER under NW was significantly higher than all other grazing treatments (p < 0.05).
N significantly decreased GEP in MG and HG, while NW in HG resulted in significantly
higher GEP than other treatments (p < 0.05; Figure 4).
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are significantly different based on LSD’s multiple-range tests (p < 0.05). Bars indicate mean SE.
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3.4. Relationships of Ecosystem CO, Fluxes with Soil Temperature and Soil Moisture

Regression analyses examining the relationships between ecosystem CO; fluxes and
soil temperature revealed distinct treatment effects. Neither NEE nor GEP exhibited signifi-
cant correlations with soil temperature under any nutrient addition treatment (p > 0.05).
Similarly, ER showed no significant correlation with soil temperature under CK or N
(p > 0.05). In contrast, significant positive correlations (p < 0.05) emerged between ER and
soil temperature under both water supplements (W and NW). The strongest correlation
was observed for W alone, explaining 25% of the variation in ER (Figure 6). In contrast to
temperature relationships, NEE, ER, and GEP all demonstrated highly significant linear re-
lationships (p < 0.01) with soil moisture across treatments. However, the explanatory power
of soil moisture varied considerably. Under nitrogen addition, soil moisture accounted for
a consistently lower proportion of the variation in CO, fluxes (R? = 0.13-0.19). Conversely,
under water supplement (W and NW), soil moisture explained over 40% of the variation in

NEE (Figure 7).
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Figure 7. Relationship of the CO, fluxes of the ecosystem with soil moisture.

4. Discussion

The impact of grazing on ecosystem CO, fluxes remains subject to considerable
uncertainty. Beyond grassland type, this uncertainty largely depends on grazing intensity.
In this study, over the three-year experimental period, sites with a history of light grazing
exhibited increases in NEE, ER, and GEP compared to no grazing (by 7.94%, 10.28%,
and 6.55%, respectively), although only the increase in GEP was statistically significant
(p < 0.05; Figure 4). These findings indicate that the legacy effects of light grazing history
exert a positive effect on ecosystem CO; fixation. This result deviates slightly from our
initial hypothesis, which posited that moderate grazing intensity would exert the strongest
influence on C fluxes. This outcome aligns with previous studies suggesting that NEE may
improve under light or moderate grazing due to plant compensatory growth, a concept
known as the Intermediate Disturbance Hypothesis [47,48]. However, water scarcity
in the desert steppe likely constrains the potential for post-grazing plant compensatory
growth [48], which could further impact C fluxes within the grassland ecosystem. Our
results also demonstrate that heavy grazing significantly reduced both NEE and GEP
(p < 0.05), resulting in decreases of 17.58% and 10.19%, respectively. Notably, the inhibitory
effect on GEP was stronger than that on ER (Figure 4). The underlying cause of this
phenomenon may be attributed to the long-term cumulative grazing pressure, which
significantly reduced both aboveground and belowground biomass and vegetation cover
in heavily grazed areas [19]. Concurrently, livestock foraging preferences likely inflict
greater damage on plant photosynthetic organs (e.g., leaves) [49,50]. Our findings align
with previous studies reporting the potential negative impacts of grazing or mowing on
C exchange in arid grassland ecosystems [51,52]. Notably, even in more humid meadow
steppes, studies have found that moderate grazing can still lead to a decline in net C
sequestration [49]. This inconsistency with the Intermediate Disturbance Hypothesis
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may stem from variations in vegetation composition, grazing regimes, and local climate
across different study sites [53]. In conclusion, the effects of grazing on grassland C
flux mechanisms are complex. Furthermore, a deeper understanding of the underlying
mechanisms driving these C flux changes requires integrated analyses of both plant and
microbial dynamics.

Numerous studies have documented that increased precipitation enhances C uptake
in grassland ecosystems [29,54]. Given that our study area is arid, grassland C budgets
are strongly constrained by precipitation variability [47]. Our three-year measurements
revealed a pronounced influence of precipitation on the interannual dynamics of ecosystem
CO, fluxes. Notably, the CO, fluxes in 2016 were significantly higher than in 2015 and 2017.
During water deficit years, low soil moisture may induce stomatal closure in plants, leading
to carbon starvation due to reduced photosynthesis. It may also suppress soil microbial
activity, thereby diminishing soil nutrient supply capacity [55,56]. These mechanisms
collectively disrupt the C sequestration process in grassland ecosystems. Furthermore,
severe drought stress can cause leaf rolling in S. breviflora, the dominant species in the desert
steppe we studied. This reduces the Leaf Area Index, further exacerbating the inhibitory
effect of soil moisture on NEE, driving it towards less negative values [57]. Therefore, desert
steppes, characterized by low water availability, exhibit high sensitivity to water addition.
Increased precipitation elevates soil moisture, thereby enhancing community photosyn-
thetic capacity [58] and increasing GEP. Elevated GEP provides more substrate for root
growth, microbial activity, and soil respiration, subsequently stimulating ER. Because GEP,
governed by photosynthesis, is solely plant-related, while ER involves additional factors
like soil microbes and fauna, GEP typically demonstrates greater sensitivity to precipitation
than ER and exerts a dominant influence on NEE changes. These results demonstrate
that precipitation serves as a key regulatory factor governing CO; flux dynamics in the S.
breviflora desert steppe. Crucially, in years with abundant precipitation, increased rainfall
can significantly enhance the C sink strength of this ecosystem.

Nitrogen addition can modulate the impacts of climate change on ecosystem C cycling
and significantly affect the global C balance [39]. Our results indicate that the effect of nitro-
gen addition on CO, fluxes varied across grazing intensities. While generally stimulatory in
most grazed areas, it exhibited a slight inhibitory effect under moderate grazing. However,
during the relatively water-rich year (2016), nitrogen addition significantly increased NEE
and ER in the no grazing condition, and NEE and GEP in the heavy grazing condition. This
suggests that the efficacy of nitrogen addition is influenced by interannual precipitation
variability. Our findings differ slightly from other studies in desert steppes. Research apply-
ing similar nitrogen addition levels reported significant increases in NEE, ER, and GEP [59]
or in GEP and ER [60]. A key factor explaining this discrepancy may be land-use history.
Previous studies were often conducted on grasslands without grazing history, whereas
our sites had varying long-term grazing intensities. Prolonged grazing has likely induced
different degrees of degradation and severe soil nutrient depletion, potentially leading
to co-limitation by multiple nutrients. Thus, adding only nitrogen may not consistently
stimulate productivity and C fixation significantly. Supporting this, a 30-year nitrogen ad-
dition experiment in northern Europe revealed negative long-term effects on NEE, ER, and
GEP [22], possibly due to reduced plant diversity and constrained growth diminishing the
initial positive NEE response. The significant enhancement of CO, fluxes under combined
water and nitrogen addition (NW) compared to water addition (W) indicates a synergistic
interaction. The effect of nitrogen addition appears modulated by precipitation; increased
rainfall enhances soil moisture and nutrient availability, potentially unlocking a greater
fertilizer effect, thereby boosting vegetation productivity, photosynthetic C fixation, and
overall ecosystem C sequestration capacity.
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Extensive research identifies soil temperature and moisture content as primary drivers
of ecosystem CO, fluxes [61,62]. Comparing the relationships over three years, soil moisture
consistently exhibited highly significant linear relationships with all CO; fluxes (NEE, ER,
GEP) and generally explained a larger proportion of their variation than soil temperature.
Soil temperature only showed a significant effect on ER under water supplement (W and
NW). While many studies identify soil temperature as the dominant factor constraining
NEE [61,63] where warming increases root and microbial respiration, when promoting CO,
release, our results differ. We posit that in the Stipa breviflora desert steppe, CO; fluxes are
primarily governed by soil moisture. The inherent aridity and low soil moisture in this
system subject plants to water stress, triggering stomatal closure [64], reduced transpiration,
and increased water-use efficiency. A water deficit directly impairs photosynthesis, thereby
controlling net C uptake. The dominant limiting factor varies across grassland types,
leading to divergent responses of CO, fluxes to climate change. Our findings in the desert
steppe further substantiate this pattern, revealing that variations in soil moisture serve as
the primary driver of C flux reduction in grazed ecosystems. Additionally, soil temperature
plays a critical role in regulating ER, with increased precipitation acting primarily to
strengthen the correlation between ER and soil temperature.

It is important to note that this study employed only a single application rate for
both water and nitrogen addition. Grassland communities comprise multiple species
with varying growth, development, and photosynthetic responses to water and nitrogen
availability, which in turn influence C cycling dynamics. Future research should therefore
incorporate gradients of water and nitrogen application levels to better elucidate their
interactive effects on grassland ecosystem functioning.

5. Conclusions

Historical grazing intensity exerts significant effects on ecosystem scale C fluxes within
the desert steppe. Light grazing enhanced GEP by 6.55% (p < 0.05), while heavy grazing
suppressed NEE and GEP by 17.58% and 10.19%, respectively (p < 0.05). Water availability
emerged as the primary limiting factor for CO, fluxes in this desert steppe. Water addition
significantly elevated NEE. Soil moisture content exhibited significant linear correlations
with all ecosystem CO; fluxes, explaining over 40% of the variation in NEE. Furthermore,
water addition enhances the soil temperature coupling of ER. The effect of nitrogen addition
on ecosystem CO, fluxes was contingent upon precipitation. During water-deficient years
(2015, 2017), nitrogen addition primarily exerted a slight inhibitory effect. In contrast,
during the water-rich year (2016), it exerted a stimulatory effect, significantly increasing
the annual mean NEE. This demonstrates that the nitrogen fertilizer effect is constrained
by water availability. Combined water and nitrogen addition significantly boosted CO,
fluxes compared to water addition. This indicates that in arid regions, the efficacy of
nutrient addition is regulated by water availability; increased precipitation can unlock the
potential fertilizer effect of nitrogen. Currently, most grasslands are experiencing intensified
climate change and excessive grazing pressure. Our findings demonstrate that historical
grazing intensity modulates both the direction and magnitude of soil C flux responses to
climate change. Consequently, future climate change experiments in grassland ecosystems
must crucially incorporate grazing intensity and its interactions with climatic factors (e.g.,
nitrogen deposition, precipitation regimes) to enable robust predictions of soil C dynamics
under future scenarios.
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Abbreviations

The following abbreviations are used in this manuscript:

NEE Net ecosystem CO; exchange
GEP  Gross ecosystem productivity
ER Ecosystem respiration

C Carbon

NG  No grazing

LG Light grazing

MG  Moderate grazing

HG  Heavy grazing

CK  No water and nitrogen addition
N Nitrogen addition

W Water addition

NW  Combined water and nitrogen addition

GI Historical grazing intensity
Y Year
ST Soil temperature

SM Soil moisture
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