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Abstract. Short-term nitrogen (N) deposition has exhibited great impacts on plant internal nutrient cycling
in forest, grassland and desert ecosystems. However, the responses of plant nutrient status to chronic N
deposition are not well understood, especially in alpine grasslands limited by soil N availability. This study
used an N addition experiment that had been implemented since 2009 in the Tianshan mountains, northwest
China, to investigate the effects of N addition at five levels (0, 1, 3, 9 and 15 g N m? year?) on the leaf
nutrient concentrations and stoichiometric ratios of dominant perennial grasses (Leymus tianschanicus,
Festuca ovina, Agropyron cristatum and Koeleria cristata) and forbs (Potentilla anserina and Potentilla
bifurca) at the species, functional group and community levels. The results showed that increasing N
addition significantly enhanced soil available N concentrations and soil available N:P ratios but had no
detectable impacts on soil available phosphorus (P) concentrations. Nitrogen addition significantly reduced
forb relative biomass, ranging from 13% in control plots versus 2% in the highest N addition plots.
Furthermore, N addition increased the foliar N concentrations and N:P ratios for all the species, decreased
foliar P concentrations for grasses, and had no significant effects on P concentrations in forbs. Plant carbon
(C) concentrations remained relatively stable, resulting in reduced C:N as N addition increased. In contrast,
N addition consistently increased leaf N concentrations, C:P and N:P and decreased leaf P concentrations
and C:N at the community level. Regression analysis showed that soil available N and N:P ratios, rather
than soil available P, were key parameters controlling plant N and P concentrations and stoichiometric
ratios. Foliar N and P concentrations showed divergent responses to long-term N addition at the species
and community levels, which implied that plant N and P cycling decoupled under N deposition. Grasses
were more sensitive to N addition than forbs, resulting in significantly altered plant community composition.
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These findings are important for understanding plant nutrient allocation strategies and how plants adapt to
environmental changes, such as N deposition in alpine ecosystems.

Keywords: aboveground biomass, alpine grassland, community composition, ecological stoichiometry,
nutrient cycling, nitrogen addition

Introduction

Ecological stoichiometry has been used to study the balance of multiple elements in
many ecological processes (Elser et al., 2007). Plant carbon (C): nitrogen (N): phosphorus
(P) stoichiometric ratios are closely related to ecosystem processes, such as nutrient
cycling (Sterner et al., 2002; Lii et al., 2013; Li et al., 2016), litter decay (Manzonl et al.,
2010), plant community structure and stability (Yu et al., 2010), and microbial
composition (Giisewell et al., 2009). Previous studies have reported that plants tend to
show stoichiometric variability in response to environmental disturbance, for instance, N
deposition and P deposition (Sistla et al., 2015), but this flexibility varies across different
species (Sardans et al., 2015). Therefore, determining the sensitivity of plant ecological
stoichiometry is critical to clarify ecosystem patterns, processes and functions to N
deposition.

Unprecedented increases in atmospheric nitrogen (N) deposition have occurred in
drylands of China from 1980 to 2010 and are predicted to double by 2050 (Gu et al., 2015).
Nitrogen is one of the primary limiting nutrients in grasslands; N addition not only
facilitates plant growth but also enhances primary productivity (Bai et al., 2010). Moreover,
increasing N availability has significant effects on plant internal nutrient cycling (Burton
et al., 2012). The increase in leaf N concentration due to N addition has been extensively
examined in grasslands (Li et al., 2013; Li et al., 2016), wetlands (Mao et al., 2012),
deserts (Zheng et al., 2018; Li et al., 2019) and forest ecosystems (Huang et al., 2019).
However, large uncertainties exist regarding the impacts of N addition on leaf P
concentrations. The effects of N addition on leaf P concentrations have been shown to be
positive (Menge and Field, 2007), neutral (Kozovits et al., 2007; Lii et al., 2012), or
negative (Li et al., 2016). Furthermore, nutrient traits in plants and their response to
nutrient addition vary greatly among different species (Han et al., 2014; Hou et al., 2017;
Wang et al., 2018; Lii et al., 2018). Studies in alpine grassland ecosystems are relatively
scarce, and limited data are available regarding how enhanced N inputs affect leaf nutrient
status. For example, N deposition enhanced the leaf P concentrations of Seriphidium
rhodanthum but did not have a significant effect on that of Stipa capillata in alpine
grasslands (Li et al., 2016). In contrast, Peng et al. (2017) found that N addition
consistently decreased leaf P concentrations in alpine grasslands across a two-year period.
Therefore, the existence of the potential divergent responses of plant nutrient status at the
species level to N addition can constrain our understanding regarding the effects of N
addition on plant internal nutrient cycling. More empirical evidence is needed to determine
the effects of chronic N deposition on the nutrient status of plants in alpine grasslands.

To date, N addition affecting the plant nutrient status at the species level has been
extensively investigated (Li et al., 2016, 2020; Hou et al., 2017), but the responses at the
functional group and community levels remain limited. It is well documented that N
deposition has significant effects on plant community composition and that plant nutrient
status at the species level does not accurately represent the community level nutrient status
(Han et al.,, 2014; Wang et al.,, 2018). N addition has significantly increased N
concentrations and the N:P ratio at the community level (Hou et al., 2017; Wang et al.,
2018), yet Lii et al. (2018) reported that N addition had no impact on the leaf N:P ratio at
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the community level. Moreover, positive, negative and neutral responses of P
concentrations to N addition have been shown (Hou et al., 2017; Wang et al., 2018).
Considering these inconsistent results, more experimental evidence is needed to obtain a
general conclusion of plant ecological stoichiometry at the community level in response
to enhanced N deposition. Furthermore, the duration of N addition is relatively short, and
plant ecological stoichiometry to long-term N addition is still unknown in alpine grassland
ecosystems.

Plant N and P statuses are tightly coupled with soil nutrient availability (Agren et al.,
2012). A recent study reported that N addition led to the decoupling of plant internal N
and P cycling in a meadow steppe (Feng et al., 2019). This occurred because N addition
significantly enhanced soil N availability and then led to soil acidification affecting plant-
soil stoichiometry. Previous studies showed that N addition consistently enhanced leaf N
concentrations and decreased the C:N ratio, thus influencing litter decay (Manzonl et al.,
2010). Leaf N:P ratios have been used to determine plant nutrient limitation (Giisewell et
al., 2004; Zhan et al., 2017). Nitrogen addition significantly increased leaf N:P ratios and
finally resulted in plant growth limited by soil P availability (Zheng et al., 2018; Huang et
al., 2019). Compared with stoichiometric variability at the species level, that at the
community level is more difficult to reach a general conclusion for the following reasons.
On the one hand, the plant nutrient status response to N addition is greatly dependent on
species identity (Lii et al., 2012). On the other hand, N addition changes plant community
composition, and the relative aboveground biomass significantly impacts plant nutrient
status at the community level (Wang et al., 2018). There was a new finding showing that
N addition significantly enhanced leaf N concentrations for grasses and forbs at the
functional group level and had non-significant effects on P concentrations. However, the
responses of leaf N:P ratios to N addition presented positive effects for grasses and neutral
effects for forbs (Zhang et al., 2018). Increased N concentrations and negligible effects on
P concentrations showed divergent responses of foliar N and P to N addition. Furthermore,
studies regarding how plant nutrient status adapts to environmental disturbance are
relatively limited. Simultaneously, how stoichiometric flexibility responds to N addition
is highly variable from species to community. Therefore, more experimental evidence of
plant nutrient status responses to long-term N addition is necessary, especially in alpine
grassland ecosystems.

The Tianshan Mountains have been regarded as one of the areas critical for global
biodiversity protection in temperate arid regions. The current total N deposition has been
estimated at 8 kg N ha? yr (Li et al., 2015). Previous studies have shown that N addition
has great consequences on plant and soil C and N cycling. For instance, N addition tends
to increase soil N2.O emissions and decrease methane uptake (Li et al., 2012; Yue et al.,
2016); such results have mainly emerged from enhanced soil N availability by N addition.
In addition, N addition generally enhanced plant growth and significantly increased plant
N uptake (Li et al., 2015) because plant growth could be limited by soil available N.
Studies regarding the effect of altered plant community composition and increased
aboveground biomass due to N addition on plant ecological stoichiometry at the functional
group and community levels in alpine grassland ecosystems are limited.

Therefore, a field experiment was designed to examine the effect of various N addition
levels on leaf C, N and P concentrations and their stoichiometric ratios at the species,
functional group, and community levels by taking advantage of an 11-year experiment
with various N addition levels (0, 1, 3, 9 and 15 g N m year™) in an alpine grassland in
northwest China. We tested the following hypotheses: (1) long-term N addition increased
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leaf N concentrations from species to community because of significantly enhancing soil
N availability by N addition but (2) decreased P concentrations primarily because of the
non-significant effects of N addition on soil P availability, and (3) N addition generally
mitigates N limitation but exacerbates P limitation based on the enhanced leaf N:P ratio.

Materials and Methods
Study site and experimental set up

This field experiment was conducted at the Bayinbuluk Grassland Ecosystem
Research Station (42°18'-43°34’ N, 82°27'-86°17" E), located on the south slope of the
middle section of Tianshan Mountain in northwestern China. The long-term average
(1981-2012) is 282.3 mm, with 60% of precipitation occurring in the growing season
from May to September, and the mean annual temperature is —4.8 °C (Li et al., 2015).
Furthermore, this natural grassland has a mean altitude of 2,500 m and a total area of
approximately 23,000 km?, belonging to the typical alpine and dry grassland. The soil is
a Camisole according to the Food and Agriculture Organization soil classification system,
with a high organic matter and N content and a low P content. Due to disturbance from
human activities, the current atmospheric nitrogen deposition is approximately
8 kg N hal yr. The dominant grass species in the ecosystem are Leymus tianschanicus,
Festuca ovina, Agropyron cristatum and Koeleria cristata, contributing approximately
87% to the aboveground biomass (Fig. 1).
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Figure 1. Responses of plant aboveground biomass to N addition. Error bars + SE. Bars with
different letters show significant differences (P <0.05) between the treatments. Leymus
tianschanicus (L. T), Festuca ovina (F. O), Agropyron cristatum (A. C), Koeleria cristata (K. C),
Potentilla anserina (P. A), and Potentilla bifurca (P.B)

N addition experiments have been carried out since 2009. There were five treatments:
control (NO), 10 (N1), 30 (N3), 90 (N9), and 150 (N15) kg N ha* yrt. Each treatment
was established with four replicates, resulting in a total of 20 plots. Each 8 x 4 m plot was
arranged in a randomized block design, and each plot was separated by a 1 m buffer.
Nitrogen was added to the plots as purified NH4sNO3 in two split doses applied in early
May and June each year. A weighed amount of NH4sNOs was dissolved in 8 L water and
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applied to each block using a sprayer to distribute the fertilizer evenly. The same amount
of water was added to the control plots without N fertilizer.

Plant and soil sampling and chemical measurements

In mid-August 2019, aboveground biomass was sampled by clipping all plants in each
plot using a 0.5 % 0.5 m quadrat at peak biomass time. The plant samples were harvested,
sorted into species and then oven-dried at 65 °C for 48 h. The dry mass of all living plants
in each quadrat was used to estimate the aboveground species biomass based on the four
replicates for each treatment. Aboveground net primary production (ANPP) was
estimated as the peak aboveground biomass during the growing season (Bai et al., 2010).

Leaf samples were collected from the dominant grass species Leymus tianschanicus,
Festuca ovina, Agropyron cristatum, and Koeleria cristata, and perennial forbs of
Potentilla multifida and Potentilla bifurca were also collected for chemical analysis. All
plant species were divided into two plant functional groups: grasses and forbs. These
species represented almost 95% of the total aboveground biomass. Similar leaves were
randomly selected in the subplot (2 m x 2 m) from the center of each plot. The leaves
were oven-dried at 65 °C to reach a constant weight, ground, and then mixed evenly for
elemental analysis. Plant C and N contents were determined with an elemental analyzer
(Vario micro, Hanau, Germany). The total P concentrations were measured by wet
digestion with H.SO4+HCIO4. C, N and P concentrations were expressed as the nutrient
content per unit mass (mg g).

Soil samples (0—10 cm depth) were collected from each plot in August 2019. In the
center of each plot at least 2 m away from the edge of the plot, five soil cores were
collected using a 3 cm diameter soil auger and were mixed into a single composite sample.
All soil samples were sieved through a 2 mm mesh to remove roots and litter. Soil
available N was extracted with 50 ml of 2 M KCI solution. Then, the filtered soil extract
was used to determine alkaline nitrogen concentrations with a Kjeldahl distillation system
(VAP-45, Gerhaedf, German). Available soil P was measured by extracting soil with
0.5 M NaHCOs (pH = 8.5), followed by analysis with the molybdenum blue-ascorbic acid
method (Olsen et al., 1954).

Calculation of data and statistical analysis

Plant nutrient concentrations at the functional group and community levels were
estimated as species relative biomass as a weighting factor, and the C, N, and P
concentrations and nutrient stoichiometric ratio were calculated for each species in every
plot (Lii et al., 2018).

All statistical analyses were performed in SPSS version 23.0 (SPSS Inc. Chicago, IL,
USA). Data were tested for normality using the Kolmogorov-Smirnov test and Levene’s
test for equality of error variance. One-way analysis of variance (ANOVA) was applied
to test whether the N treatment influenced the plant nutrient concentrations and
stoichiometric ratios of each species, with N treatment as a fixed factor. Differences
among treatments were analyzed by Tukey’s multiple comparison post hoc test. Linear
regression analyses were conducted to determine the relationships between soil available
nutrient concentrations, plant nutrient concentrations and stoichiometric ratios. All
figures were constructed in Origin 9.0.
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Results
Responses of soil available nutrients and ANPP

Nitrogen addition significantly enhanced the soil available N concentration, ranging
from 189.62+10.1 mg kg™ in the control plots (NO) to 267.40+4.0 mg kg™ in the highest
N addition plots (N15). However, N addition showed no significant effect on soil P
availability, with a range from 7.52+0.56 to 8.62+0.9 mg kg* (Fig. 2). The soil available
N:P ratio significantly increased across the N addition gradient (Fig. 2). N addition
significantly enhanced ANPP for grass and decreased biomass for forb species, but the
response of magnitude varied highly among species (Fig. 1).
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Figure 2. Relationships between nitrogen (N) addition rates and soil available N and
phosphorus (P) concentrations and available soil N:P ratios in the alpine grassland

Responses of nutrient status at the species, plant functional group and community
levels

The nitrogen addition rate and species identity had significant effects on leaf N and P
concentrations and the N:P ratio (Fig. 3, Table 1). N addition significantly increased the
leaf N concentrations of the six species (Fig. 3). In contrast, the P concentrations in the
leaves of the four plant species significantly decreased and had no effects on P.A and P.B.
Plant C concentrations remained relatively stable across N addition treatments (Fig. 3,
Table 1). N addition significantly enhanced the N:P ratio but reduced the C:N ratio for all
grass species (Fig. 3). The ratios of C to P were insignificantly affected by P.A and P.B
but significantly increased for other species (Table 1).
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Figure 3. Relationships between plant nutrient concentrations or stoichiometric ratio and N
addition rates at the species level. Leymus tianschanicus (L.T), Festuca ovina (F.0), Agropyron
cristatum (A.C), Koeleria cristata (K.C), Potentilla anserina (P.A), Potentilla bifurca (P.B)
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Table 1. Results of a one-way analysis of variance (ANOVA) of the dependence of leaf nutrient
concentrations and stoichiometric ratios on N addition. The F-ratios are presented together
with their level of significance. Leaf C, N and P concentrations are represented. The leaf C:N,

C:P and N:P ratios were also represented as mass ratios from species to community

Plant types C N P C:N C:P N:P
AC 0.91 53.53** 13.41** 20.32** 19.59** 80.52***
K.C 1.00 42.72** 5.85* 18.38** 2.66 82.21***
P.A 1.00 24.16** 1.43 15.77** 0.85 46.17***
P.B 0.95 107.56*** 0.57 48.59** 0.31 172.29***
F.O 1.29 124.96*** 184.95*** 31.09** 161.9*** 243.16%**
LT 2.11 66.94** 24.08** 54.15%* 10.16* 128.61***

Forbs 0.98 48.37** 1.82 53.57** 1.59 84.75%**
Grasses 1.16 222.65%** 55.53*** 65.54*** 22.25* 297.88***
Community 3.20 246.2%** 66.4*** 72.0%** 26.0** 342.9***

Grasses species: Leymus tianschanicus (L.T), Festuca ovina (F.O), Agropyron cristatum (A.C) and
Koeleria cristata (K.C), Forbs species: Potentilla anserina (P.A) and Potentilla bifurca (P.B),
Community= Grasses species+ forbs species. ns indicates no significant difference. *P < 0.05. **P <
0.01. ***P < 0.001

Nitrogen addition had no significant impacts on C concentrations and increased N
concentrations but decreased P concentrations at both the plant functional group and
community levels (Fig. 4, Table 1). Furthermore, N addition significantly enhanced the
ratios of C to P and N to P but significantly reduced the ratios of C to N at the community
level.
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Figure 4. Relationships between plant nutrient concentrations or stoichiometric ratio and N
addition rates at the functional group and community levels. Leymus tianschanicus (L.T),
Festuca ovina (F.0), Agropyron cristatum (A.C), Koeleria cristata (K.C), Potentilla anserina
(PA), Potentilla bifurca (P.B)

Relationship between leaf nutrient status and soil available nutrients

For all species, the results showed that altered soil nutrient availability had non-
significant effects on C concentrations. Leaf N concentrations and ratios of N to P were
positively correlated with soil available N, while P concentrations and ratios of C to N
were negatively correlated with soil available N concentrations (Fig. 5). Soil available
N:P showed similar effects on leaf nutrient status with soil N availability. There was a
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non-significant linear relationship between P concentrations in leaves and soil P
availability, but a positive relationship was observed between N concentrations and soil
P availability among 4 out of 6 species. However, soil available N:P significantly affected
PTP and the plant nutrient stoichiometric ratio (Fig. 5).
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Figure 5. Relationships between plant nutrient concentrations or stoichiometric ratio and soil
available nutrients (AN, AP and AN:AP) at the species level. Leymus tianschanicus (L. T),
Festuca ovina (F. O), Agropyron cristatum (A. C), Koeleria cristata (K. C), Potentilla anserina
(P. A), Potentilla bifurca (P.B). Soil available nitrogen (AN), soil available phosphorus (AP) and

soil

AN:AP ratios (AN:AP)
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At the community level, soil N availability had no impacts on C concentrations but
increased N concentrations, C:P and N:P ratios; at the same time, it decreased the P
concentrations and C:N ratio. Soil available P did not affect the C concentrations, P
concentrations or C:P ratio (Fig. 6). The leaf N concentration and N:P ratio were
positively correlated with the soil available P, and the C:N ratio was negatively correlated.
The soil available N:P ratio revealed constant effects on the leaf nutrient status with soil
N availability.
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Figure 6. Relationships between plant nutrient concentrations or stoichiometric ratios and soil
available nutrients (AN, AP and AN:AP) at the functional group and community levels. Grass:
Leymus tianschanicus, Festuca ovina, Agropyron cristatum and Koeleria cristata. Forbs:
Potentilla anserina and Potentilla bifurca. Community= grass + forbs. Soil available nitrogen
(AN), soil available phosphorus (AP) and soil AN:AP ratios (AN:AP)

Discussion
Responses of species biomass to N addition

Nitrogen addition significantly increased soil N availability and had non-significant
effects on soil available P, resulting in a higher soil AN:AP ratio. This is consistent with
a study from alpine steppe (Peng et al., 2017). Altered soil available N significantly
promoted grass species growth and enhanced plant biomass from 101.4+19.1 g'm™ to
307.7+54.4 g'm™ for the average of all N treatments. However, N addition had different
effects on forb species biomass depending on species identity. Previous studies have
reported that N addition significantly increased grass species biomass but had positive,
negative and negligible impacts on forb species biomass (Han et al., 2014; Hou et al.,
2017; Wang et al., 2018). These findings indicated that N is the limiting factor of plant
growth in this grassland. The biomass responses of forb species against N addition
indicated less sensitivity compared to grass species in our study. One possible reason
could be that N addition might have increased the height of grass species, which would
have restricted the availability of light in the lower layer of the forb species, resulting in
limited plant growth (Bai et al., 2010; Zhou et al., 2018). In our study, N addition
enhanced the biomass of dominant grass species and reduced the biomass of non-
dominant forb species, which significantly affected the plant community composition and
increased the risk of loss of forb species. Nitrogen deposition showed a positive impact
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by promoting plant growth and significantly improving plant aboveground biomass for
forage supply, but its negative impact appeared in the form of alteration of plant
community structure that resulted in loss of biodiversity (Bai et al., 2010; Wang et al.,
2018).

Effects of N addition on the nutrient status of leaves and stoichiometric ratios at the
species level

In the control plots, plant nutrient status revealed wide variation among species. In all
species, the average concentrations of leaf C (463.11 mg g), N (10.12 mg g*) and P
(1.77 mg g1) were partly consistent with the results of previous studies on grasslands in
China (He et al., 2006, 2008). In our study, plant N content was significantly lower
compared to grassland in northern China, but our findings are supported by the results
from alpine grasslands (Peng et al., 2017). Additionally, our results are also comparable
with those of a previous study from alpine grasslands where multiple sites across the
Tibetan Plateau have been tested (Zhou et al., 2020). It can be inferred that reduced
nutrient accumulation in leaves could be the result of declined rates of plant absorption
and utilization under drier and colder environments (Aerts et al., 1996). Moreover, the
relatively low concentration of soil available N under conditions of less rainfall and low
temperature would be the reason for the low plant N concentration in this alpine grassland
(Tianetal., 2010). This can result not only from the rate of plant absorption and utilization
slowing down in drier and colder environments and reducing leaf nutrient accumulation
(Aerts et al., 1996) but also from the fact that the soil available N concentration is
relatively low because of limited precipitation and low temperature (Tian et al., 2010),
finally resulting in lower plant N concentrations in this alpine grassland.

N addition did not show any significant impact on plant C concentrations, but it
increased plant biomass and led to more C sequestration in plants. Our results showed
that N addition significantly increased leaf N concentrations. Increases in plant N
concentrations following N addition have been well documented in many previous studies
(Xia and Wan, 2008; Peng et al., 2017; Hou et al., 2017; Wang et al., 2018). It seems that
soil available N significantly increased after N addition, which provided an adequate soil
nutrient supply for plant growth. This also implies that plant growth is affected by N
availability but that plants can exhibit luxury uptake when N is not a limiting factor (Sistla
et al., 2015), hence carrying higher N concentrations. On the other hand, N addition
significantly reduced the P concentration for grass species but did not show any effect on
the P concentrations of forb species. In contrast, many previous studies indicated an
increase in plant P concentration in response to N addition (L et al., 2013; Hou et al.,
2017; Wang et al., 2018). Simultaneously, many studies also found that N addition
significantly increased soil P availability in grassland ecosystems (Lii et al., 2013; Han et
al., 2014; Li et al., 2016). This difference can be explained as follows. First, N addition
significantly increased plant aboveground biomass for grass species in our study, which
would have partly diluted the P content in plants (Hou et al., 2017). Second, N addition
had an ignorable impact on the soil available P content and soil alkaline phosphatase
activity, which would have direct effects on reducing the plant P concentrations. Hence,
N addition had positive, negative and neutral effects on plant P concentrations (You et al.,
2018), which partly supports our findings that N addition decreased or had no effect on
plant P concentrations depending upon species identity. For instance, N fertilization
decreased P concentrations in leaves of dominant grasses by 40% in an annual grassland

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(5): 6469-6484.
http://www.aloki.hu @ ISSN 1589 1623 (Print) @ ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/acer/1805_64696484
© 2020, ALOKI Kft., Budapest, Hungary



Su et al.: Plant community composition altered by long-term nitrogen addition has minor contribution to plant nutrient status at the
community level
- 6479 -

(Menge and Field, 2007), while it had neutral effects on plant P concentrations for forb
species in semiarid grasslands (Hou et al., 2017).

Our results clearly demonstrated that the N:P ratio in leaves was enhanced after N
addition. These findings are in accordance with previous studies (Lii et al., 2013; Zhan et
al., 2018), where they found that increased N deposition can induce a shift from N to P
limitation or N-P colimitation. Furthermore, plant N and P concentrations showed
opposite responses to each other, indicating nutrient decoupling in plants under N
deposition. These outcomes are not consistent with previous reports that observed that
plant N and P are tightly coupled in grassland ecosystems (Agren et al., 2012; Lii et al.,
2013). It is possible that altered soil nutrient availability by N addition could have reduced
the leaf C:N ratio, which would have promoted litter decomposition (Manzonl et al.,
2010), because enhanced litter quality significantly promoted litter decomposition
(Manzonl et al., 2010). Moreover, an increase in N inputs through fossil fuel combustion
and cropland fertilization can greatly enhance the substrate nutrient availability for plants,
which may also result in nutrient decoupling in plants, thus negatively influencing the
plant community structures (Liu et al., 2015). For grass species, the responses of plant N
and P concentrations and stoichiometric ratios following N addition could be controlled
by soil N availability and soil available N:P, and the data suggest that the N:P ratio in
plants and soils was strongly linked. Our results supported the idea that increasing N
deposition not only induces changes in N concentrations directly but also leads to an
indirect alteration in the soil available N:P ratio (Penuelas et al., 2012).

Effects of N addition on the nutrient status of leaves and stoichiometric ratios at the
functional group and community levels

Our results indicated that leaf C remained relatively stable along the N addition levels
at the functional group and community levels. However, N and P in leaves varied greatly
among different plant functional groups. Nitrogen addition increased the N concentration
and decreased the P concentration in leaves for the grass functional group; however, it
showed a non-significant impact on N and P for the forb functional group. Nonetheless,
N addition consistently increased the N concentration and decreased the P concentration
at the community level. The responses of P concentration towards N addition were
negative and neutral at functional group levels; thus, N addition did not enhance plant P
uptake. These results are in line with the findings of (Hou et al., 2017; Wang et al., 2018),
who described that N addition significantly increased the P concentration in grass species
but had no impact on the P concentration of forb functional groups or community levels.
This might have occurred because N addition did not affect soil phosphatase activity,
leading to non-significant changes in soil P availability under long-term N addition.
Furthermore, dominant grass species drove community-level N and P concentrations,
which is also consistent with previous reports from typical steppe (Lii et al., 2018) and
meadow steppe (Wang et al., 2018). The nutrient and stoichiometric responses of grass
species to N addition are more sensitive than those of forb species, and the biomass of
grass species was significantly enhanced, which could be a mechanism by which plants
adapt to environmental changes, such as N deposition (Yu et al., 2010).

Nitrogen addition consistently decreased the C:N ratio and increased the N:P ratio in
leaves at the functional group and community levels. Lower C:N ratios generally show
fast decomposition (Hou et al., 2017). In our study, N addition significantly enhanced leaf
quality and contributed to decomposition in this alpine grassland. N:P ratios have been
used to determine relative nutrient limitation (Zhan et al., 2017) and regulate litter
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decomposition processes (Giisewell and Gessner, 2009). The enhancement of N:P ratios
following N addition led to the decoupling of plant N and P, which agreed with many
studies from diverse ecosystems, such as grasslands (Wang et al., 2018), wetlands (Mao
et al., 2012) and desert ecosystems (Huang et al., 2018), indicating that N addition may
alleviate N limitation and intensify P limitation. However, Han et al. (2014) found that N
addition significantly increased P concentrations and C:P ratios at the species level, and
this phenomenon was not observed at the community level. Furthermore, N addition
significantly increased plant aboveground biomass, but only in one of the six species with
the largest biomass was at the highest N addition, which implied that the growth of most
species was not limited by N availability. If plant growth is limited by N, N addition will
further promote plant growth. Considering the current high N deposition in China, plant
growth may be limited by soil P availability in grassland ecosystems because the soil
available P content was relatively lower than that in other regions (Han et al., 2005; Zhang
et al., 2005). In brief, our results suggested that the N and P of plants from the species to
community levels revealed divergent responses to long-term N addition in this alpine
grassland, but the specific mechanism still needs to be explored further.

Soil available N and available N:P ratio as determining factors for plant nutrient
concentrations and stoichiometric ratios

It has been well established that soil available N is a strong predictor of plant nutrient
concentrations and stoichiometric ratios (Lii et al., 2013; Zheng et al., 2018). In our study,
we confirmed that N addition directly affected plant N and P concentrations and
stoichiometric ratios at the species and community levels by enhancing soil available N
concentrations rather than through soil available P in this alpine grassland, which is in
agreement with the results reported from alpine steppe ecosystems (Peng et al., 2017).
Compared with soil available N concentrations, the effects of soil available P on plant
nutrient concentrations and stoichiometric ratios could be considered minimal because
long-term N addition did not cause significant changes in soil P availability among
treatments.

Our results suggested that altered soil AN:AP ratio significantly affected plant nutrient
status. For instance, plant N concentrations showed a significant positive relationship
with the soil AN:AP ratio, but plant P concentrations had a significantly negative
relationship with the soil AN:AP ratio at the species and community levels. This indicated
that the responses of plant nutrient concentrations and stoichiometric ratios to N addition
could be controlled by the soil available N:P ratio, and this N:P ratio in plants and soil is
strongly coupled (Lii et al., 2013; Li et al., 2020). In desert grassland ecosystems, Zheng
et al. (2018) found a positive linear correlation between the plant available N:P ratio and
the leaf N:P ratio. In addition, Zhan et al. (2017) discovered that the leaf N:P ratio is
positively correlated with the soil available N:P ratio across N addition treatments. These
findings highlight the importance of the soil available N:P ratio in controlling plant
nutrient status in alpine grassland ecosystems. This means that enhancing N deposition
would change the plant community composition and plant internal nutrient cycling
through direct alteration in soil N availability and by indirect changes in soil nutrient
stoichiometry.
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Conclusion

The divergent responses of plant N and P concentrations in leaves to long-term N
addition at the species and community levels implied that plant N and P cycling decoupled
under N deposition. Grasses were more sensitive to N addition than forbs, resulting in
significantly altered plant community composition. Moreover, soil available N and the
soil available N:P ratio, rather than soil available P, were the key environmental
parameters that controlled the N and P concentrations and stoichiometric ratios in plants.
These findings are important for understanding plant nutrient allocation strategies and
how plants adapt to environmental changes in alpine ecosystems. Altered plant
community composition of forb species by N addition has minor influences on leaf
nutrient status. Briefly, these findings have important implications for understanding the
influence of N deposition on grassland nutrient cycling. In the future, biogeochemical
models should consider the divergent responses of plant nutrient cycling to nutrient
changes.
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