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a b s t r a c t

The primary mechanism driving plant species loss after nitrogen (N) addition has been often hypothe-
sized to be asymmetric competition for light, resulting from increased aboveground biomass. However, it
is largely unknown whether plants’ access to soil water at different depths would affect their responses,
fate, and community composition under nitrogen addition. In a semiarid grassland exposed to 8-years of
N addition, we measured plant aboveground biomass and diversity under four nitrogen addition rates (0,
4, 10, and 16 g m�2 year�1), and evaluated plant use of water across the soil profile using oxygen isotope.
Aboveground biomass increased significantly, but diversity and shallow soil-water content decreased,
with increasing rate of nitrogen addition. The water isotopic signature for both plant and soil water at the
high N rate indicated that Leymus secalinus (a perennial grass) absorbed 7% more water from the sub-
surface soil layer (20e100 cm) compared to Elymus dahuricus (a perennial grass) and Artemisia annua (an
annual forb). L. secalinus thus had a significantly larger biomass and was more abundant than the other
two species at the high N rate but did not differ significantly from the other two species under ambient
and the low N rate. Species that could use water from deeper soil layers became dominant when water in
the shallow layers was insufficient to meet the demands of increased aboveground plant biomass. Our
study highlights the importance of water across soil depths as key driver of plant growth and dominance
in grasslands under N addition.

Copyright © 2025 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The deposition of atmospheric nitrogen (N) has increased in
terrestrial ecosystems around the world over the last six decades,
mainly due to the combustion of fossil fuels and thewidespread use
of agricultural fertilizers (Galloway et al., 2003, 2008; Pe~nuelas
et al., 2020). Increased N deposition and fertilization can have
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detrimental effects on terrestrial ecosystem structure and function
(Liu et al., 2011; Borer and Stevens, 2022). Nitrogen is a key element
limiting plant growth (Elser et al., 2007), and thus, a modest in-
crease in N input can alleviate soil N limitation, accelerate plant
growth, increase aboveground production, and in some cases,
enhance soil carbon storage (Li et al., 2015; Liang et al., 2020; Shi
et al., 2024). Excessive inputs of N, however, can have negative
effects, such as soil acidification (Lu et al., 2014), water eutrophi-
cation (Zhan et al., 2017), and biodiversity loss (Midolo et al., 2019),
all of which can strongly affect the functions, services, and stability
of terrestrial and aquatic ecosystems (Bai et al., 2010; Hautier et al.,
2014, 2020).

Nitrogen addition generally increases plant aboveground
biomass and cover often leading to a reduction in species diversity
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(Sala et al., 2000; Stevens et al., 2004; Lu et al., 2021), but the un-
derlying mechanism driving the loss of diversity remains uncertain
(Dickson et al., 2014; Xiao et al., 2021; Eskelinen et al., 2022). Many
studies have suggested that increased aboveground biomass and
cover after N addition would not only intensify asymmetric inter-
specific competition for light and exclude shade-intolerant species
(Hautier et al., 2009; Borer et al., 2014; Eskelinen et al., 2022), but
also increase competition for other resources, such as soil water (Li
et al., 2024, 2025; Pei et al., 2024) and phosphorus (Sardans and
Pe~nuelas, 2012; Luo et al., 2022; Yu et al., 2023). Indeed, not all
communities that experience a decline in species richness with
added N have closed canopies. Therefore, mechanisms other than
light competition must drive diversity loss in some plant commu-
nities. Greater production and leaf area under N addition likely
increases plant demand for soil water, especially in regions with
low mean annual rainfall (Porporato et al., 2004; Chen et al., 2008;
Huo et al., 2018).While this has raised the possibility that soil water
may drive species loss, so far there is a lack of empirical evidence
that links plant water usage (e.g., by 18O isotope measurements)
with the fate of species after N addition.

Competition for soil water among coexisting plants will greatly
affect their growth (Chen et al., 2023). The use of water in a healthy
and sustainable plantesoil system would not usually exceed the
supply of soil water, leading to water deficit (Chen et al., 2015). N
addition can increase the water demand of plants by increasing leaf
area and transpiration (A et al., 2019), which may cause greater
demands for soil water (Zhu et al., 2020) and thus potentially
intensify competition belowground. Increased aboveground
biomass after N addition decreases plant diversity (Bai et al., 2010;
Zhang et al., 2022), potentially due to a greater overall demand for
soil water, thereby affecting species coexistence (Bai et al., 2010).
On the other hand, greater N supply can also improve water-use-
efficiency in the short term (Lu et al., 2019) but reduce it over the
long term when linked to other limitations such as phosphorus
availability (Huang et al., 2016). Less attention, however, has been
paid to the response of soil water across depth (i.e., shallow vs deep
soils) and its interaction with dominant species and changes in
species abundances after N addition.

Based on mass balance theory, ecosystem function is mainly
determined by the traits of dominant plants in a community rather
than by rare and uncommon species (Grime, 1998). Hence, the
stability of the dominant species is critical to ecosystem stability
(Zelikova et al., 2014; Ma et al., 2017). That is, the dynamics of
dominant species in a community can be more important than the
dynamics of rare species under environmental change (Smith and
Knapp, 2003). The dynamics of the dominant species may also
affect the generality of the diversity-stability relationship (Polley
et al., 2007). Species gain was more important than species loss
in determining plant diversity after a decade of experimental N
addition (Ladouceur et al., 2022; Zhao et al., 2022). A subsequent
study also suggested that the dominant species determined the
effects of N addition on ecosystem stability (Jia et al., 2022). Vari-
ation in the abundance of the dominant species will influence
species interactions and plant diversity, with uncertain conse-
quences on community dynamics and stability (Klanderud and
Totland, 2005; Hillebrand et al., 2008). Conserving dominant spe-
cies is important for stable functioning in ecosystems undergoing
environmental change (Hou et al., 2023). Therefore, it is crucial to
understand how changes in the dominance of plant species in a
community after N addition, as well as the underlyingmechanisms,
affect function and stability.

To determine whether soil water regulated composition and
dominance in a plant community after N addition, we measured
aboveground biomass and diversity, and estimated water use
across soil depths using oxygen isotope measurements in a semi-
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arid grassland exposed to four rates of N addition for eight years.
We hypothesized that the strategies of water use by different plant
species would strongly regulate their dominance after N addition.
We aimed to explore (1) changes in plant species richness and
biomass under different N addition rates, and (2) the differential
responses of plant species with different water use strategies to N
additions.

2. Materials and methods

2.1. Experimental site

The study was conducted at the Dryland Agroecology Research
Station (36�020N, 104�250E, 2400 m a.s.l.) of Lanzhou University in
Gansu Province, China. The site has a temperate semi-arid climate
(Huang et al., 2021), with an annual mean air temperature of 4.0 �C,
mean maximum temperature of 15.7 �C in July, and mean mini-
mum temperature of �12.6 �C in January. Mean annual precipita-
tion during 2014e2023 was 338 mm, with about 80% falling during
the growing season from April to September (Zheng et al., 2023).
The site has a dark loessial soil, with a field water-holding capacity
of about 20% and a permanent wilting coefficient of 4.5% (Shi et al.,
2003). The study site is a natural grassland and was fenced in 2003
to prevent grazing and human disturbance. The plant communities
are dominated by a mix of grasses, including graminoids (Leymus
secalium (Georgi) Tzvel., Poa annua L., Stipa breviflora L., Elymus
dahuricus Turcz.), and forbs (Artemisia capillaris Thunb., Aster
altaicus Willd., Artemisia annua L., Convolvulus arvensis L., Ped-
icularis kansuensis L., Potentilla bifurca L.). Legume species are rare
and generally have relatively low abundance and biomass in the
study area.

2.2. Experimental design

We conducted an N addition experiment with four rates (0, 4,10,
and 16 g N m�2 y�1, representing ambient, low, intermediate, and
high rates of N addition, respectively), starting from 2016 with a
completely randomized block design (Fig. S1). Each treatment had
four replicates, resulting in sixteen 2� 2m plots in total, with a 1m
buffer between plots. We dissolved NH4NO3 in 400 mL of distilled
water, and evenly sprayed the solution in the treatment plots
during AprileJuly each year since 2016. The ambient (0 g N m�2

y�1) plots also received 400 mL of distilled water. The total amount
of water added to each plot corresponded to 0.5 mm of extra pre-
cipitation annually. There is no significant difference in the baseline
of aboveground biomass and soil water content among blocks
(Fig. S2), therefore, the grassland is generally uniform in composi-
tion and production.

2.3. Field sampling and measurements

We classified all plant species into four functional groups based
on their life forms: perennial and annual grasses, and perennial and
annual forbs. Aboveground biomass was sampled in mid-August
2023. All aboveground parts of the plants were cut at ground
level in a 1 � 1 m quadrat placed in the center of each 2 � 2 m plot,
and the number of individual plants of each species in each plotwas
recorded. Biomass was separated by species and oven-dried at
70 �C to constant weight in the laboratory. We calculated the
ShannoneWeiner diversity index and Simpson’s dominance index
as:

Simpson0s index¼
X

P2i (1)
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ShannoneWeiner index¼ �
X

Pi ln Pi (2)

where Pi is the ratio of the number of individuals of species i to the
total number of individuals in the community.

Previous studies suggested that plant biomass rather than plant
identity is the primary determinant for soil moisture, therefore, we
selected three abundant species: two perennial grasses (Leymus
secalinus and Elymus dahuricus) and one annual forb (Artemisia
annua) that accounted for 73% of community biomass under the
high N addition rate. Also, these three species occurred in all plots.
The three representative species all had sufficient biomass for
measuring d18O in plant tissue water. Other species were only
observed in a portion of the experimental plots or did not have
sufficient biomass for extracting plant water, thus were not selected
for the measurement of d18O. We collected the non-green rhizome-
binding fraction of each plant for measuring water isotopes (Chang
et al., 2019). The samples of plant water were rapidly loaded into
50-ml sampling vials sealed with parafilm to avoid isotopic frac-
tionation and stored at �20 �C before analysis.

Soil samples were collected from 1m depth profile using a hand
auger and no roots were found below 1 m. We collected the sam-
ples at regular intervals of 10 cm in the top 20 cm and at intervals of
20 cm in the 20�100 cm soil depth. We divided each sample into
two subsamples. One subsample was used to measure gravimetric
soil water content (SWC) by drying at 105 �C to a constant weight.
The other subsample was transported to the laboratory and stored
at �20 �C until water was extracted for isotopic analysis.

2.4. Analysis of the composition of oxygen isotope

We used a vacuum distillation system (LIe2000, LICA, China) to
extract soil and plant-stem water. The extraction efficiency was up
to 98% (Wang et al., 2019a; Jia et al., 2024). We measured d18O from
extracted soil water using an isotope ratio infrared spectroscopy
(IRIS) analyzerdL2130i liquid water isotope analyzer (Picarro,
USA), with an analytical precision of ±0.025‰. Extracting water
from plant tissues using cryogenic vacuum distillation can co-distill
organic materials (e.g., methanol and ethanol) that may affect the
spectroscopy and cause erroneous stable isotope values when
analyzing with the IRIS method (West et al., 2006). However, the
Isotope Ratio Mass Spectrometer (IRMS) method can overcome this
shortcoming (West et al., 2010; Wang et al., 2019a). Therefore, in
order to eliminate the effects of the trace amount of soluble organic
matter (Huang et al., 2023), d18O for xylemwater were determined
by IRMS interfaced with an elemental analyzer (Delta V þ TC/EA,
Thermo Finnigan Scientific Inc., USA), with an analytical precision
of ±0.4‰. Moreover, no pronounced discrepancy was observed in
soil water isotopic compositions analyzed using the two in-
struments (Schultz et al., 2011; Pei et al., 2023). The measurements
are expressed as parts per thousand (‰) deviations from the
Vienna Standard Mean Ocean Water (V-SMOW):

d18O ¼ ðRs=Rstd � 1Þ (3)

where Rs and Rstd are the stable isotopic ratios of heavy to light
isotopes (18O/16O) in the water samples and the V-SMOW sample.

2.5. Determination and quantification of water sources

The water table at this site is > 60 m below the soil surface,
which is unavailable for plants (Huang et al., 2021). No precipitation
fell in the week before soil sampling, so the water in the soil layers
was regarded as the only source utilized at the time by the plants.
Isotopes were not fractionated during uptake by plants, thus we
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could determine the water source taken up by the plants by
comparing the stable isotope composition of the xylem and soil
water. We detected the intersection of the xylem water isotopic
vertical line and the soil water at different depths, which indicated
the main depth from which plants took up soil water (Ehleringer
and Dawson, 1992). We estimated the proportion of plant water
taken up across the soil profile using the Bayesian isotope mixing
model MixSIAR (Stock and Semmens, 2013; Wang et al., 2019b; Gai
et al., 2023). To facilitate analysis and comparison, the water
sources from different soil depths were combined into three layers
(0e20, 20e40, and 40e100 cm) based on the distributions of the
isotopic values and SWC.

2.6. Measurements of stomatal conductance

We determined plant water uptake by measuring leaf stomatal
conductance for the dominant plant species (Leymus secalinus) in
the community. We measured stomatal conductance in three fully
expanded green leaves in each plot using a LI-6400 Portable
Photosynthesis System (LI-COR, Lincoln, USA). The minimum
equilibration time for each set of measurements was 3 min. The
measurements were performed between 10:00 and 12:00 h.

2.7. Statistical analyses

We used Random Block ANOVAs to examine the effects of N
addition on biotic and abiotic factors among treatments, including
plant biomass and diversity, leaf stomatal conductance, plant water
uptake, and soil-water content, with N addition treatment as the
independent fixed factor and block as the independent random
factor. We performed Random Block ANOVAs in R packages ‘car’
and ‘agricolae’. We then used Pearson correlation analysis to
examine the correlations among these variables. In addition, we
used a structural equation model (SEM) to examine the direct and
indirect effects of N addition on soil-water content, plant water use
across the soil profile and species dominance. We employed p-
value, the goodness of fit index (GFI), root-mean-square error of
approximation (RMSEA) and standardized root mean square re-
sidual (SRMR) to evaluate the goodness of model fitting (Grace
et al., 2015; Yao et al., 2025), where p > 0.05, GFI > 0.90, RMSEA
� 0.08, SRMR � 0.08 suggested a reasonable fitting. We performed
SEM using the ‘sem’ function in the ‘lavaan’ package. All the above
analyses were conducted with R 4.2.3 (R Foundation for Statistical
Computing).

3. Results

3.1. Responses of plant aboveground biomass and diversity to
nitrogen addition

Plant community aboveground biomass increased significantly,
while diversity decreased, as the rate of N addition increased
(Fig.1). Community aboveground biomass was 94% and 124% larger,
but species richness was 12% and 41% lower, at the low (4 g N m�2

y�1) and high (16 g N m�2 y�1) rates, respectively (Fig. 1a). Simp-
son’s dominance index was 54% larger (Fig. 1c), while the
ShannoneWeiner diversity index was 25% lower (Fig. 1d) at the
high rate of N addition compared to ambient level. N addition did
not significantly affect the average height of the plants in the
community (Fig. S3).

Compared to ambient level, aboveground biomass of perennial
grasses was 162%, 329%, and 485% larger at the low, intermediate,
and high rates of N addition, respectively (Fig. 2a). Perennial grasses
dominated the plant communities at the intermediate and high
rates, representing 44% and 56% of total community aboveground



Fig. 1. Effects of nitrogen (N) addition on (a) aboveground biomass, (b) species richness, (c) Simpson’s dominance index, and (d) the ShannoneWeiner diversity index. Different
letters indicate significant differences among treatments.
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biomass, respectively. N addition did not significantly affect
aboveground biomass of annual grasses, nor perennial and annual
forbs (Fig. 2b�d). N addition did not significantly affect species
richness of the perennial and annual grasses (Fig. 2e and f). Species
richness of perennial and annual forbs, however, decreased as the
rate of N addition increased (Fig. 2g and h). Compared to ambient,
species richness of perennial forbs was 21% and 45% lower at the
intermediate and high N addition rates, respectively. Species rich-
ness of annual forbs was 33% and 66% lower at the intermediate and
high rates relative to ambient, respectively.
3.2. Responses of stomatal conductance and soil water

Stomatal conductance of Leymus secalinus, a dominant perennial
grass species, was 143%, 101%, and 66% significantly greater at the
low, intermediate, and high rates of N addition, respectively, rela-
tive to ambient (Fig. 3a). SWC was significantly lower in the 0e20
cm layer at the high N addition rate than at the intermediate N
addition rate (Fig. 3b). SWC was 19%e27% lower in the 20e40 cm
layer and 12%e16% lower in the 40e100 cm layer at the low to high
N addition rates. SWC was significantly greater in the 20e100 cm
layers than the surface layer. SWC in the ambient, low, and inter-
mediate N treatments was 43%, 17%, and 21% greater in the 20e40
cm layer than the 0e20 cm layer, respectively. SWC at the high N
addition rate was greatest in the 40e100 cm layer, which was 21%
greater than in the 0e20 cm layer.

We identified significant negative correlations between above-
ground biomass and SWC in the 20e40 cm layer (Fig. S4, p < 0.05)
and the 40e100 cm layer (p < 0.01). SWC in the 40e100 cm layer
was also negatively correlated with stomatal conductance (p <
0.05). Species richness was correlated negatively with aboveground
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biomass (p < 0.05) but positively with SWC in the 20e40 cm layer
(p < 0.05). These findings indicated that the response of biomass
and diversity to N addition was closely linked to soil water avail-
ability at different depths.

3.3. Aboveground biomass and abundance of three representative
plant species under nitrogen addition

Aboveground biomass was significantly larger for Elymus
dahuricus than the other two species under ambient N and did not
differ significantly in the low-N treatment (Fig. 4a). Aboveground
biomass was significantly larger for Leymus secalinus than
E. dahuricus and Artemisia annua in the intermediate-N and high-N
treatments. Aboveground biomass in the high-N treatment was
1224% and 318% larger for L. secalinus than E. dahuricus and
A. annua, respectively. The abundances of the three species did not
differ significantly in the ambient, low-N, and intermediate-N
treatments (Fig. 4b). Abundance in the high-N treatment was
1335% and 138% greater for L. secalinus than E. dahuricus and
A. annua, respectively. These findings indicated that plant com-
munity reordering occurred as L. secalinus became more dominant
after N addition.

3.4. Plant water use across the soil profile

The d18O of xylem water was significantly lower for Leymus
secalinus than Elymus dahuricus and Artemisia annua (Fig. S5). The
d18O intersection points between the soil water and xylemwater in
L. secalinus were mainly below 20 cm, and those for the other two
species were mainly above 20 cm. The results of the Bayesian
isotope mixing model supported these findings; L. secalinus



Fig. 2. Effects of nitrogen (N) addition on aboveground biomass and species richness for different plant functional groups. Different letters indicate significant differences among the
treatments. ns means no significant difference among the treatments.
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obtained the largest proportion of water from the 20e100 cm soil
depth, and this proportion increased with the rate of N addition
(Fig. 5). L. secalinus obtained 7% more water compared with the
other two species from the 20e100 cm soil depth at the interme-
diate and high rates of N addition.
483
Based on the correlations among aboveground biomass, soil
water, species richness, and plant water uptake across soil depths
(Figs. S4 and S6), we developed structural equation models (SEMs).
The SEMs adequately fitted the data describing interaction path-
ways among soil water content and N addition (Fig. 6a), proportion



Fig. 3. Effects of nitrogen (N) addition on (a) stomatal conductance and (b) soil-water content. Different letters indicate significant differences among the treatments. Significant
differences among the soil layers: *, p < 0.05; **, p < 0.01; ***, p < 0.001.

Fig. 4. Aboveground biomasses and abundances of Leymus secalinus, Elymus dahuricus, and Artemisia annua under nitrogen (N) addition. Different letters indicate significant
differences among the three plant species under the same N addition rate. ns, no significant difference among the species.
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of deep water use by species, and their dominance (Fig. 6b). N
addition significantly increased plant aboveground biomass and
decreased soil water content of deep soil layer. Therefore, with the
consumption of soil water, the abundance and biomass of species
largely depended on their use of water from the deep soil layer at
the intermediate and high rates of N addition. The correlation
analysis affirmed these findings. Aboveground biomass is signifi-
cantly and positively correlated with the proportion of water taken
up from the deep soil layer under the intermediate and high rate of
N addition (Fig. S6, p < 0.05). These findings suggested that the
capacity of the plants to take up water from deep soil layers is
linked to their dominance after N addition.

4. Discussion

4.1. Changes in plant species richness and biomass under nitrogen
addition and the underlying mechanism

We attributed the increase in aboveground biomass of the
grassland community after N addition mainly to the increase in the
biomass of a few perennial grasses (Fig. 2a) and attributed the
decrease in species richness due to the loss of forb species (Fig. 2g
484
and h). N addition generally increases plant productivity but de-
creases plant diversity in many N-limited terrestrial ecosystems
(Suding et al., 2005; Clark and Tilman, 2008; Reich, 2009). Different
functional groups, however, may respond distinctively to N addi-
tion (Tian et al., 2016, 2020; Clark et al., 2019). The proportion of
grass biomass in our study increased from 40% under ambient to
57% at the high-N rate, thus suggesting that grasses may have ad-
vantages over forbs after N addition in this system.

We also found that N addition did not affect grass species
richness (Fig. 2e and f), while the intermediate and high rates of N
addition significantly decreased the diversity of the forb species
(Fig. 2g and h). In addition, the root biomass of perennial grasses
became more and more dominant as the rate of N addition
increased (Fig. S7). This was consistent with the observation that N
addition promoted the growth of grasses and suppressed the
growth of forbs. Most grass species are nitrophilous, and recent
research has found that belowground traits of grasses can regulate
the responses of species to N addition (Tian et al., 2020). Typically,
grass roots exploit a larger belowground space by increasing the
size of their root sheath under N addition, which enhances their
belowground competitive capacity for nutrients and water. By
comparison, forb roots rarely form rhizosheaths and thus have



Fig. 5. The proportion of water taken up from different soil layers. Column heights represent the mean value of the relative contribution and error bars are the standard errors of the
means, which were calculated using stable isotope d18O in plant and soil water coupled with a Bayesian mixing model MixSIAR. Different letters indicate significant differences in
the proportions of water taken up from the same soil layer among different species.

Fig. 6. Structural equation model showing pathways through which (a) nitrogen addition (0, 4, 10, and 16 g N m�2 y�1) increases community aboveground biomass and decreases
soil water content, (b) Species water use of the deep soil layer increases their dominance (measured as abundance and biomass) under the intermediate and high N addition rates.
There is no significant link to the surface soil layer. The ellipse and squares denote latent and observable variables, respectively. Proportion of deep water use is the latent variable
and is estimated by analyzing the covariance matrix of water uptake from 20 to 40 cm and 40e100 cm by the three representative plant species (Leymus secalinus, Elymus dahuricus
and Artemisia annua) under intermediate and high rates of N addition. Orange and blue solid arrows represent significant positive and negative pathways, respectively. Orange and
blue dashed arrows represent non-significant positive and negative pathways, respectively. Numbers adjacent to the arrows are standardized path coefficients with different
significance levels: *, p < 0.05; **, p < 0.01; ***, p < 0.001.

F.-Q. Huang, J. Pe~nuelas, J. Sardans et al. Plant Diversity 47 (2025) 479e488
weaker ability to compete for belowground resources (Tian et al.,
2022). The dominance of grasses in our study therefore increased
with N addition. This increase also accounted for the significantly
greater Simpson’s dominance index and the significantly lower
ShannoneWeiner diversity index at the high rate of N addition
(Fig. 1c and d).

In summary, distinctive responses of functional groups to high N
addition affected the composition of the plant community. Our
study shows that a more acquisitive strategy regarding resource
uptake provided an advantage as soil resource availability (N and
485
water) changes. Strategies that allow for greater spatial occupation
and increased capacity to uptake resources confer a competitive
advantage.

4.2. Differential responses of plant species with different water use
strategies to nitrogen additions

Soil water content decreased as the rate of N addition increased,
especially in the 40e100 cm layer, which was closely linked to
greater water uptake due to increased stomatal conductance and
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aboveground biomass (Figs. 3a and S4). The decrease in diversity
after N addition was also linked to the decrease in soil water
(Fig. S4). In addition, it is likely that the greater biomass of domi-
nant species rather than rare species reduced soil water content,
because the biomass of the rare species did not change significantly
with N addition (Fig. S8). Water is one of themost important factors
limiting plant survival and growth in arid and semi-arid regions
(Porporato et al., 2004; Huo et al., 2018; Li et al., 2023). Previous
research found that insufficient soil water decreased the germina-
tion rate of some annual species (Bai et al., 2010). Wetter grasslands
had both greater plant biomass and diversity than drier grasslands
(Zheng et al., 2023), and wetter grasslands were less likely to lose
plant diversity than drier grasslands under inorganic and organic
fertilization (Flores-Moreno et al., 2016; Shi et al., 2024). The
availability of soil water is thus a key factor maintaining the
structure and function of grassland ecosystems under N deposition,
especially in semi-arid areas.

Leymus secalinus is a perennial grass that can access deeper soil
water compared to other species in our experimental grassland,
thus allowing it to meet its water needs and increase its dominance
at intermediate and high rates of N addition (Fig. 5). The proportion
of L. secalinus biomass in the community significantly increased
from 6% under ambient deposition to 51% at the high rate of N
addition. The capacity to adjust water use strategy in conjunction
with variation in SWC is critical for plant survival in water-limited
ecosystems (McCole and Stern, 2007; Wu et al., 2016). Increased
aboveground biomass after N addition may also increase the de-
mand for soil water due to greater leaf area (Li et al., 2023), so water
in the surface soil layer that is usually limited and unpredictable
would be rapidly consumed by plants during the growing season
(McCole and Stern, 2007; Prechsl et al., 2015; Priyadarshini et al.,
2016). Therefore, root biomass in the 20e60 cm soil layer signifi-
cantly increased with N addition, while there was no significant
difference in root biomass among different treatments in 0e20 cm
soil depth (Fig. S9). When water in the surface soil layer is insuffi-
cient to meet demand from increased aboveground biomass, spe-
cies that can use water in deeper layers would become dominant in
the community. In contrast, less competitive plant species that can
only obtain water from shallow soil layers would not be able to
increase their abundance and biomass (Fig. S10).

Patterns of plant water use are affected by soil water availability
(Gow et al., 2018) and distribution of fine roots (Wang et al., 2021).
Many plants can adjust the soil depth of water uptake through
dynamic changes in root distribution (Lanning et al., 2020; Pei et al.,
2023). This capacity to shift water use along with soil water avail-
ability represents a stress-tolerant strategy and ecological plasticity
of plants (Grime, 1977; Valladares et al., 2007), and is crucial for
plant survival under water stress that may occur under climate
change. Species with greater stress tolerance and ecological plas-
ticity can maximize efficiency with scarce resources. Such species
generally have a greater capacity to adapt to stressful environ-
ments. In addition, plant species that can shift water sources can
maximize their soil water use and reduce interspecific competition
with those that can only utilize shallow water sources (Wang et al.,
2019a). Therefore, plant water use characteristics provide impor-
tant information for screening species for vegetation restoration
and grassland management. The combination of plant species with
different water use characteristics may form a more resilient
community, which not only improves the utilization of soil water
resources by plants, but also promotes the sustainable develop-
ment of grassland ecosystems.

Overall, our research uncovered the causal link between domi-
nance and species water use strategies after N addition. Dominant
species with greater biomass and abundance relative to other
species in the community were key to understanding the impacts
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of global change on ecological functions (Hillebrand et al., 2008;
Sasaki and Lauenroth, 2011; Avolio et al., 2019). Dominant species
may alter biotic conditions and interact with other species, thereby
strongly influencing community dynamics and ecosystem func-
tioning (Grime, 1998). Several studies have shown that dominant
species were not only key to maintaining community stability (Jia
et al., 2022; Hou et al., 2023), but also shaped the recovery dy-
namics of grasslands following extreme drought (Bazzichetto et al.,
2024). The response of dominant species to environmental change
is a crucial determinant of whether or not the ecosystem will
continue to provide needed levels of functions and services into the
future (Gitlin et al., 2006). Therefore, it is important to reveal the
mechanisms that underlie the capacity of species to dominate. We
argue for a greater focus on the dynamics of dominant species in
the context of changes in community structure, particularly the
mechanisms, traits and conditions that enable species to dominate.
This will contribute to predictions of community assembly and
impacts of environmental drivers on ecosystems, which can lead to
the creation of more effective grassland management strategies
under climate change (Avolio et al., 2019).

5. Conclusion

Nitrogen addition increased the aboveground biomass of
perennial grasses, decreased the diversity of forbs, and ultimately
affected community structure and function. We found that greater
aboveground biomass and stomatal conductance increased the
consumption of and the competition for soil water. These dynamics
favored species with greater capacity for water acquisition in
deeper soil layers resulting in decreased plant community diversity.
Species that could use water from deeper soil layers (mostly
grasses) became dominant in the community when shallow soil
water was insufficient to meet the demands of increased above-
ground biomass. Our study integrated plant community structure
with plant water use across the soil profile, and provided a
belowground mechanism for explaining changes in species domi-
nance under N enrichment.
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