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Abstract: Nitrogen (N) and phosphorus (P) are two essential nutrients that determine plant growth and
many nutrient cycling processes. Increasing N and P deposition is an important driver of ecosystem
changes. However, in contrast to numerous studies about the impacts of nutrient addition on forests and
temperate grasslands, how plant foliar stoichiometry and nutrient resorption respond to N and P addition in
alpine grasslands is poorly understood. Therefore, we conducted an N and P addition experiment (involving
control, N addition, P addition, and N+P addition) in an alpine grassland on Kunlun Mountains (Xinjiang
Uygur Autonomous Region, China) in 2016 and 2017 to investigate the changes in leaf nutrient
concentrations (i.e., leaf N, Leaf P, and leaf N:P ratio) and nutrient resorption efficiency of Seriphidium
rhodanthum and Stipa capillata, which are dominant species in this grassland. Results showed that N addition
has significant effects on soil inorganic N (NO3; -N and NH4"-N) and leaf N of both species in the study
periods. Compared with green leaves, leaf nutrient concentrations and nutrient resorption efficiency in
senesced leaves of S. rhodanthum was more sensitive to N addition, whereas N addition influenced leaf N
and leaf N:P ratio in green and senesced leaves of S. capillata. N addition did not influence N resorption
efficiency of the two species. P addition and N+P addition significantly improved leaf P and had a negative
effect on P resorption efficiency of the two species in the study period. These influences on plants can be
explained by increasing P availability. The present results illustrated that the two species are more sensitive
to P addition than N addition, which implies that P is the major limiting factor in the studied alpine
grassland ecosystem. In addition, an interactive effect of N+P addition was only discernable with respect to
soil availability, but did not affect plants. Therefore, exploring how nutrient characteristics and resorption
response to N and P addition in the alpine grassland is important to understand nutrient use strategy of
plants in terrestrial ecosystems.
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1 Introduction

Nitrogen (N) and phosphorus (P) are two important nutrients for plant growth (Zhang et al., 2017).
The imbalanced N and P deposition induced by human activities, such as fertilization and fossil
fuel combustion (Delonge et al., 2008), affects the primary production of plants and profoundly
influences the structure and function of ecosystems (Sardans et al., 2012; Chen et al., 2015;
Monuca et al.,, 2021). To explore how nutrient cycling between plants and soil in different
ecosystems responds to nutrient deposition, researchers conducted many experimental studies
(Chen et al., 2015; Li et al., 2016). For example, Tian and Niu (2015) reported that excessive N
addition influences nutrient cycling between plants and soil and intensifies soil acidification in a
global meta-analysis. Yang (2018) established an experiment of external N and P addition in a
subtropical forest and concluded that P addition improves leaf P concentration but has no effect on
P resorption efficiency (PRE). These studies help explain the impacts of nutrient addition on plant
growth and nutrient cycling processes in ecosystems (Chen et al., 2015; Tian and Niu, 2015).

Leaf nutrient concentrations are the most vital indicators of plant growth (Yang, 2018; Xu et al.,
2021) and are generally positively correlated with soil nutrient availability when the ecosystem is
limited by nutrient resources (Garnier, 1998). They are also correlated with internal nutrient
resorption, which is a critical nutrient conservation strategy for plants (Killingbeck, 1996; Vergutz
et al., 2012). Nutrient resorption efficiency (NuRE) is used to quantify nutrient resorption in plants
(Wright and Westoby, 2003; Chen et al., 2015). Generally, P concentration less than 0.5 mg/g in
senesced leaves denotes a high PRE, and N concentration higher than 7.0 mg/g in senesced leaves
signifies a low N resorption efficiency (NRE) (Killingbeck, 1996). Furthermore, negative
relationships between NuRE and leaf nutrient concentrations have been widely reported (Chen et
al., 2012; Lii et al., 2013; Zheng et al., 2020). Lii et al. (2013) demonstrated that NRE of six
sub-arctic bog species decreases following four years of experimental N addition. However,
positive and neutral relationships between NuRE and leaf nutrient concentrations have also been
revealed (Aerts, 1996; Chen et al., 2015). For example, a meta-analysis conducted by Yuan and
Chen et al. (2015) showed that NuRE does not change with nutrient addition, possibly because
nutrient concentrations in plants depend more on external nutrient supply rather than internal
resorption in some ecosystems. This finding differs from that of Yang (2018), who found that
approximately 50% of green leaf nutrients are resorbed from senesced leaves. These contradictory
results suggest that further studies on NuRE response to nutrient addition are needed to understand
nutrient cycling in terrestrial ecosystems.

Ecological stoichiometric characteristics are also important indices of plant growth. From
freshwater to terrestrial ecosystems, N:P ratio is widely employed to elucidate nutrient
limitations (Giisewell, 2004; Elser et al., 2007; Jin et al., 2020). Koerselman and Meuleman
(1996) reported that plants in a wetland ecosystem are limited by P when N:P ratio is higher than
16 and limited by N when the ratio is lower than 14. Zhang et al. (2004) revealed that an N:P
ratio lower than 21 signifies N limitation while a ratio higher than 23 suggests P limitation in a
steppe ecosystem in Inner Mongolia Autonomous Region, China. These results indicate that N:P
ratio is determined by ecosystem types and plant species (Verterink et al., 2001; Menge and
Field, 2007). However, recent studies about N:P ratio have tended to focus on green leaves while
neglecting senesced leaves (Liu et al., 2013; Zhang et al., 2017). Persson et al. (2010) concluded
that N:P ratios in green leaves are more stable than those in senesced leaves due to nutrient
resorption (Chen et al.,, 2015). Therefore, understanding how increasing N and P addition
influences N:P ratio in senesced leaves is also important.

Alpine grassland is a typical terrestrial ecosystem, and numerous studies have reported that this
ecosystem is limited by N or co-limited by N and P (Elser et al., 2007; Xu et al., 2014; Zhang et al.,
2021). Many researchers have illustrated that long-term nutrient deposition accelerates nutrient
cycling between plants and soil with concomitant impact on nutrient limitation. For example, Tian
and Niu (2015) showed that N addition decreases soil pH but increases P desorption. Pefiuelas et al.
(2013) suggested that long-term N inputs shift ecosystem limitation from N to P. However, our
understanding of nutrient cycling responses to external nutrient inputs in alpine grasslands is
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limited (Sardans et al., 2012). In addition, N and P are believed to be linked tightly in nutrient cycle
processes, and the interactive effects of these nutrients appear to differ from the effect of N or P
addition alone (Peng et al., 2019). Moreover, the interactive influence of the addition of these major
nutrients in alpine grasslands is less well understood. Hence, in order to determine how increasing
N and P deposition influences terrestrial ecosystems, it is necessary to explore the effects of N and
P addition, as well as the combination of N and P, on leaf nutrient concentrations and nutrient
resorption efficiency in alpine grasslands.

Here, we conducted an experiment (involving control, N addition, P addition, and N+P addition)
and sampled two dominant alpine grass species (i.e., Seriphidium rhodanthum and Stipa capillata)
in an alpine grassland on Kunlun Mountains, Xinjiang Uygur Autonomous Region of China in
2016 and 2017. This study aims to: (1) explore the responses of leaf N, leaf P, N:P ratio, and NuRE
to external nutrient addition in this alpine grassland; (2) assess the interactive effect of these
nutrients on this ecosystem; and (3) evaluate whether N and P addition alleviates or enhances
limitation in this alpine ecosystem.

2 Materials and methods

2.1 Study area and experimental design

This study was conducted in an alpine grassland (36°08'03"N, 81°06'33"E; 3100 m a.s.l.) on
Kunlun Mountains, Xinjiang Uygur Autonomous Region of China in 2016 and 2017. The
topographic conditions in this region were uniform. The annual mean air temperature was
approximately 5.2°C in 2016 and 3.8°C in 2017 (Fig. 1). The monthly mean temperature ranged
from —5.5°C in February to 15.5°C in July in 2016 and from —8.0°C in January to 12.6°C in July in
2017. The total precipitation was 482 mm in 2016 and 561 mm in 2017, with most occurring from
May to October. S. rhodanthum and S. capillata are the two dominant grass species in this region.
S. capillata covers more than 70% of the total aboveground biomass, and S. rhodanthum accounts
for more than 20%.
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Fig. 1 Monthly air temperature (a) and monthly precipitation (b) in 2016 and 2017

This study simulated N and P addition via four treatments: control (no fertilization), N addition
(16 g N/(m*a)), P addition (3 g P/(m*a)), and N+P addition (16 g N/(m>a) and 3 g P/(m’-a)). The
nutrient addition protocol was based on an extant study on the Bayanbulak alpine grasslands of
Xinjiang, China (Yue et al., 2016). Sixteen 2 mx3 m plots were established (four replicates for each
treatment) for each species. All plots were separated by at least 1 m, and each plot was randomly
arranged. In late April, monobasic potassium phosphate and urea were mixed with soil from the test
plots and spread evenly on the surface of the soil.

2.2 Sampling and measurements

Plant and soil collection was carried out following the methods of Lii et al. (2013) with minor
modifications. One hundred leaves (fully expanded) of S. capillata and S. rhodanthum with similar
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size, respectively, were chosen from the center of each plot. Half of the samples were collected as
the green group in August of both years, and the rest samples were marked and collected as the
senesced group in October of both years. All samples were dried at 75°C for 48 h, milled, and sieved
(1 mm mesh) for chemical property determination. Soil samples were collected in mid-August of
2016 and 2017. Five points were selected in each plot, and soil samples were collected using a soil
drilling sampler with a diameter of 5 cm. All soil samples were completely mixed and passed
through a 2-mm mesh to eliminate roots and other debris.

Leaf N concentration was analyzed using an auto elemental analyzer (Vario EL III, Elementar
Analysensysteme GmbH, Hanau, Germany). Leaf P concentration was measured by Mo-Sb
colorimetric method after H,SO4,+HCIO, digestion. Soil inorganic N (NO; -N and NH4+-N) was
determined by the Kjeldahl method using an Alpkem autoanalyzer (FIAstar 5000, Foss Tecator,
Denmark). Soil available P was determined by Mo-Sb colorimetric method (Chen et al., 2015).

2.3 Calculation of nutrient resorption efficiency (NuRE)

In this study, we calculated NuRE (i.e., PRE and NRE) based on nutrient concentrations in leaves
(Lii et al., 2013).

NuRE (%)=((Nutrientgeen—Nutrientsenesced)/ Nutrientgreen) < 100%, (D)

where Nutrient,, is the nutrient concentration in green leaves (mg/g) and Nutrientsnesced i the
nutrient concentration in senesced leaves (mg/g).

2.4 Statistical analysis

Linear mixed effect models were used to evaluate the effects of year, N addition, P addition, and
N+P addition on soil inorganic N, soil available P, leaf N, leaf P, leaf N:P ratio, NRE, PRE, and
NRE:PRE ratio. We set year as a random factor to evaluate the effects of temperature, precipitation,
and other meteorological factors on N and P concentrations in soil and plants. N addition, P
addition, and N+P addition were set as fixed factors to evaluate the effects of N addition, P
addition, and the interactive effect of N addition and P addition on nutrient stoichiometric
characteristics of soil and plants. One-way ANOVA was performed to test the influences of N
addition, P addition, and N+P addition on soil inorganic N, soil available P, leaf N, leaf P, leaf N:P
ratio, NRE, PRE, and NRE:PRE ratio. An ANOVA post-hoc test, specifically the least significant
difference method, was performed to determine differences between individual treatments. Pearson
correlation analysis was conducted to determine the relationship between leaf nutrient
concentrations and soil nutrient concentrations. R 4.0.4 software was used to perform all analyses,
and P=0.05 was used to detect statistical significance.

3 Results

3.1 Soil inorganic N and available P concentrations

The random factor year showed a significant effect on soil inorganic N and available P
concentrations (Table 1). N addition significantly affected soil inorganic N but did not affect soil
available P; P addition significantly affected soil available P but did not influence soil inorganic N.
Moreover, N+P addition was only discernable with respect to soil available P. The effects of N
addition and N+P addition on soil inorganic N were positive in both years (Fig. 2). A significant
increase in soil available P was observed in both years in P addition and N+P addition treatments,
and the highest values were observed following P addition alone (Fig. 2).

Table 1 P-values from linear mixed models for soil inorganic nitrogen (N) and soil available phosphorus (P)

Parameter Year N addition P addition N+P addition
Soil inorganic N <0.001""" <0.001""" 0.211 0.240
Soil available P <0.001""" 0.842 <0.001"" 0.008™

Note: ™, P<0.01; ", P<0.001.
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Fig. 2 Responses of NH, -N (a), NO;-N (b), soil inorganic N (c), and soil available P (d) to the four treatments
(control, N addition, P addition, and N+P addition). Different uppercase letters indicate the significant differences
among the four treatments in 2016, and different lowercase letters indicate the significant differences among the
four treatments in 2017 (P<0.05). Bars mean standard errors.

3.2 Leaf nutrient concentrations and nutrient resorption efficiency (NuRE)

The random factor year had significant effects on leaf N and leaf N:P ratio in green leaves and leaf
P in senesced leaves of S. rhodanthum (Table 2). It significantly influenced leaf N and leaf P in
green and senesced leaves and leaf N:P ratio in senesced leaves of S. capillata. N addition affected
leaf N and leaf N:P ratio in green and senesced leaves of S. capillata and senesced leaves of S.
rhodanthum. P addition also influenced leaf P and leaf N:P ratio in the two species, except green
leaves of S. rhodanthum. N addition and N+P addition increased leaf N in S. capillata in both years
(Fig. 3). P addition and N+P addition increased leaf P in the two species. However, leaf P did not
change in either of the two species following N addition, and leaf N also did not change in response
to P addition. An interactive effect of N+P addition was only observed in senesced leaves of S.
capillata (Table 3). N addition exerted positive effects on leaf N:P ratio in green and senesced
leaves of S. capillata (Fig. 4). N:P ratios in green and senesced leaves of the two species in P
addition and N+P addition treatments were lower than that in control treatment. Moreover, leaf N:P
ratio in S. capillata was higher than that in S. rhodanthum.

Table 2 P-values from linear mixed models for leaf nutrient characteristics of Seriphidium rhodanthum

S. rhodanthum

Parameter Green leaves Senesced leaves
Leaf N Leaf P Leaf N:P ratio Leaf N Leaf P Leaf N:P ratio
Year <0.001"*" 0.051 <0.001""" 0.112 0.022" 0.480
N addition 0.005™ 0.670 0.540 0.023" 0.660 0.007"
P addition 0.221 0.001™" 0.573 0.651 0.001™ 0.001™
N-+P addition 0.243 0.771 0.772 0.354 0.842 0.078

Note: ", P<0.05; **, P<0.01; ***, P<0.001.
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Table 3 P-values from linear mixed models for leaf nutrient characteristics of Stipa capillata

S. capillata
Parameter Green leaves Senesced leaves
Leaf N Leaf P Leaf N:P ratio Leaf N Leaf P Leaf N:P ratio
Year <0.001"" <0.001"" 0.711 <0.001"" <0.001"" <0.001""
N addition 0.002"" 0.922 <0.001"" <0.001"" 0.552 <0.001""
P addition 0.442 <0.001"" <0.001"" 0.362 <0.001"" <0.001""
N-+P addition 0.431 0.792 0.063 0.523 0.451 0.008™
Note: *, P<0.05; **, P<0.01; ™, P<0.001.
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Fig. 3 N and P concentrations in green and senesced leaves of Seriphidium rhodanthum and Stipa capillata in
response to the four treatments in 2016 (a, ¢, e, g) and 2017 (b, d, f, h). Different uppercase letters indicate the
significant differences among the four treatments in S. rhodanthum, and different lowercase letters indicate the
significant differences among the four treatments in S. capillata (P<0.05). Bars mean standard errors.
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Fig. 4 N:P ratio in green and senesced leaves of S. rhodanthum and S. capillata in response to the four treatments
in 2016 (a, c) and 2017 (b, d). Different uppercase letters indicate the significant differences among the four
treatments in S. rhodanthum, and different lowercase letters indicate the significant differences among the four
treatments in S. capillata (P<0.05). Bars mean standard errors.

The random factor year exerted significant effects on PRE and NRE:PRE ratio of the two species
and NRE of S. rhodanthum (Table 4). P addition significantly influenced PRE and NRE:PRE ratio
of S. rhodanthum and S. capillata, while N addition influenced NRE:PRE ratio of S. capillata only.
Furthermore, no interactive effects of N+P addition on NRE, PRE, and NRE:PRE ratio were
observed. PRE of S. capillata was lower following P addition compared with control treatment in
both years, but PRE of S. rhodanthum showed no significant change following P addition (Fig. 5).

Table 4 P-values from linear mixed models for nutrient resorption efficiency of S. rhodanthum and S. capillata

S. rhodanthum S. capillata
Parameter
NRE PRE NRE:PRE ratio NRE PRE NRE:PRE ratio
Year 0.006™ 0.003™ <0.001"*" 0.962 <0.001"*" <0.001"*"
N addition 0.683 0.531 0.811 0.073 0.291 0.054"
P addition 0.122 0.021" 0.019" 0.522 <0.001"*" 0.011"
N+P addition 0.791 0.906 0.713 0.790 0.359 0.443

wkx

Note: *, P<0.05; ™, P<0.01; "™, P<0.001; NRE, nutrient resorption efficiency; PRE, phosphorus resorption efficiency.

3.3 Relationship between leaf nutrient concentrations and soil nutrient concentrations

Green leaf N had a positive relationship with soil inorganic N for S. capillata but exhibited no
relationship for S. rhodanthum (Table 5). Leaf N generally showed no relationship with soil
available P. In both species, green leaf P had a positive relationship with soil available P and
showed no relationship with soil inorganic N. Green leaf N:P ratio was negatively correlated with
soil available P. In terms of senesced leaf N:P ratio in S. rhodanthum and S. capillata, it had a
positive relationship with soil inorganic N and a negative relationship with soil available P in the
two years. Moreover, compared with S. rhodanthum, S. capillata was more sensitive to external
nutrient addition, and both species were more sensitive to P addition than N addition.
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Fig. 5 NRE, PRE, and NRE:PRE ratio of S. rhodanthum and S. capillata in response to the four treatments in 2016
(a, ¢, e) and 2017 (b, d, ). NRE, nutrient resorption efficiency; PRE, phosphorus resorption efficiency. Different
uppercase letters indicate the significant differences among the four treatments in S. rhodanthum, and different
lowercase letters indicate the significant differences among the four treatments in S. capillata (P<0.05). Bars mean
standard errors.

4 Discussion

4.1 Leaf nutrient concentrations

N addition had a positive effect on soil inorganic N and leaf N, while P addition had a positive
effect on soil available P and leaf P although leaf and soil nutrient concentrations showed
significant differences between 2016 and 2017. These results are similar to what has been found in
previous studies (e.g., N addition increases soil inorganic N and P addition increases soil available
P and leaf P) (Xu and Timmer, 1999; Yuan and Chen, 2015; Deng et al., 2016). Many studies have
also reported positive relationships between leaf nutrient concentrations and soil nutrient
concentrations (Chen et al., 2015; Huang et al., 2016; Li et al., 2016). Hence, the obvious
differences of leaf nutrient concentrations in this study might be due to the different soil nutrient
concentrations in the two years. We speculated that the reason for the differences of soil nutrient
concentrations in both years might be caused by different precipitation amounts. Soil nutrient
concentrations would increase with increasing precipitation (Yuan and Chen, 2009; Zhao et al.,
2017). For example, Zhao et al. (2017) reported that soil C and N concentrations increase with
increasing precipitation gradient on the Tibetan Changtang Plateau, China. Brant and Chen (2015)
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Table 5 Correlation coefficients between leaf nutrient concentrations and soil nutrient concentrations for S.
rhodanthum and S. capillata in 2016 and 2017

Soil nutrient concentration

Species Year Leaf nutrient concentration — - - -
Soil inorganic N Soil available P
Green leaf N 0.30 0.27
Green leaf P -0.39 0.76™
Green leaf N:P ratio —0.09 —0.12
2016 Senesced leaf N -0.09 -0.45
Senesced leaf P -0.24 —0.84™
Senesced leaf N:P ratio 0.56" —0.74"
S. rhodanthum Green leaf N 0.23 —0.08
Green leaf P -0.17 0.53"
Green leaf N:P ratio 0.26 —0.64"
2017 Senesced leaf N -0.39 -0.46
Senesced leaf P -0.49 -0.82"
Senesced leaf N:P ratio 0.62" —0.63"
Green leaf N 0.65* -0.85
Green leaf P —0.24 0.68™
Green leaf N:P ratio 0.54" —0.61*
2016 Senesced leaf N 0.69"" —0.12
Senesced leaf P -0.45 0.68™
) Senesced leaf N:P ratio 0.43 —0.67""
S. capillata Green leaf N 0.50" 0.26
Green leaf P -0.45 0.71™
Green leaf N:P ratio 0.58 —0.74™
2017 Senesced leaf N 0.52° -0.33
Senesced leaf P -0.14 0.73*
Senesced leaf N:P ratio 0.27 -0.70™

Note: *, P<0.05; **, P<0.01.

revealed that plant PRE decreases with increasing precipitation because soil P availability
increases. However, following N addition and N+P addition, leaf N of S. rhodanthum showed no
changes except for senesced leaves in 2017. This may reflect delayed responses of the two species
to nutrient addition (Bowman et al., 2006; Bai et al., 2010), or plants are insensitive to short-term N
addition but could adjust physiological demand to utilize high available N during long-term
nutrient addition (Chen et al., 2015). Our results also showed that senesced leaves of S. rhodanthum
are more sensitive to N addition than green leaves, which resonates with the findings of Persson et
al. (2010), who noted that green leaves of some plants are more stable than senesced leaves due to
homeostatic regulation and nutrient resorption (Chen et al., 2015). In our study, P concentrations in
green and senesced leaves varied with P addition in both years. This result is similar to previous
studies showing that green leaf N does not change with N addition but leaf P is significantly
influenced by P addition in N-saturated ecosystems, implying P limitation (Yang, 2018; Xu et al.,
2021).

For S. capillata, N addition and P addition had significant effects on green leaf N:P ratio and
senesced leaf N:P ratio, which implied that this species is sensitive to external nutrient addition and
the nutrient use strategy of S. capillata is different from that of S. rhodanthum. These results
indicate that green leaf nutrient concentrations of S. capillata depend more on direct absorption
rather than resorption compared with those of S. rhodanthum. Killingbeck (1996) showed that
plants have a high P use efficiency when P concentration in senesced leaves is lower than 0.5 mg/g
and a low N use efficiency when N concentration in senesced leaves is higher than 7.0 mg/g. Our
data revealed that P concentrations in green and senesced leaves of both species are <0.5 mg/g,
which suggests that both species have a high P use efficiency. Furthermore, our data showed that
the two species are more sensitive to P addition than N addition and the degree of variations under
P addition was greater than that under N addition. This finding is similar to previous studies. For
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instance, Bobbink (1991) reported that in a chalk grassland in Holland, leaf P concentrations
increase to a greater extent than leaf N concentrations. This pattern has also been reported in alpine
tundra (Bowman et al., 1993) and other P-limited ecosystems (Sword et al., 2004; Giisewell, 2005;
Ostertag, 2010). These results also suggest that nutrient addition would change leaf nutrient
concentrations, which consequently facilitates litter decomposition and accelerates nutrient cycling
between plants and soil (Zhang et al., 2008). In addition, these results support the finding that the
influence of nutrient addition depends on the experimental duration and species (Mayor et al.,
2014). Chen et al. (2015) reported some differences between short-term and long-term results in
terms of grass responses to nutrient addition. Tian and Niu (2015) suggested that long-term N
addition intensifies soil acidification and increases P availability through P desorption (Wang et al.,
2011). Therefore, more long-term studies are necessary to investigate how external nutrient
addition influences nutrient cycling between plants and soil.

4.2 Nutrient resorption efficiency (NuRE)

N addition did not change NuRE of the two species in either year, which is similar to previous
studies on ecosystems that are not limited by N (Huang et al., 2016; Long et al., 2016; Yang, 2018).
This result suggests that leaf N of the two species in this alpine grassland ecosystem is more
regulated by external N addition than internal resorption (Yang, 2018). Moreover, NRE:PRE ratio
of the two species in N addition treatment was lower than that in control treatment (except S.
rhodanthum in 2016), which implies that the two species have a high efficiency of P utilization.
These results also support the hypothesis that N is not the major limiting element in the alpine
grassland system. P addition decreases PRE of S. capillata, similar to a previous study showing that
PRE has a negative relationship with leaf P (Lii et al., 2013). Our data indicated that P addition in
the two years not only changes P absorption directly but also influences the internal resorption of S.
capillata. P inputs exert no influence on PRE of S. rhodanthum, which is consistent with the
findings of Yuan and Chen (2015), who found that P addition increases P concentrations but has no
effect on PRE of some plants in P-limited ecosystems. The possible reason might be that these
plants cannot adjust nutrient characteristics quickly in response to environmental change. The two
species (S. capillata and S. rhodanthum) demonstrated different strategic responses to P addition.
These results confirmed that species is the dominant factor for nutrient dynamics (He et al., 2008).
Hence, more further studies on plant responses to external nutrient addition are needed to predict
community succession in alpine grasslands.

Many studies have explored how leaf N, N:P ratio, and NRE respond to N addition and how P
cycling between plants and soil responds to P addition (Lawrence, 2001; Huang et al., 2016; Long
et al., 2016). However, researches concerning the interactive effects of N and P are limited.
Previous experiments have shown that increasing N deposition could increase, decrease, or have no
influence on leaf P and soil P concentrations and PRE via affecting phosphatase enzymes
(Rodriguez and Fraga, 1999; Marklein and Houlton, 2012; Tian and Niu, 2015). For example, in an
old-growth boreal forest, Xu et al. (2021) reported that leaf P and other nutrients do not change
with soil N concentrations though the long-term N addition increases leaf P in some extent
compared to control treatment. However, Yang (2018) concluded that N addition does not change
leaf P in P-limited tropical forests. In this study, we found that leaf P concentrations are not very
responsive to N addition. The results of the linear mixed effect model showed that no interactive
effect of N and P can be observed. These findings also support the conclusion that the effects of N
addition on plant P concentrations are minimal in a non-N limitation ecosystem (Chen et al., 2015;
Yang, 2018), and these results showed that plants could adjust leaf nutrient concentrations to adopt
the change of ecosystem limitation (Jin et al., 2020).

4.3 Ecosystem limitation

Previous studies have explained that a high N:P ratio indicates that plants are limited by P, while a
low N:P ratio signifies plants are limited by N (Chen et al., 2015; Zhang et al., 2017). Koerselman
and Meuleman (1996) showed that the threshold values for N and P limitation are 14 and 16,
respectively. N:P ratio in green or senesced leaves generally increases with N addition, and P
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becomes the major limiting factor subsequently; however, the ratio decreases with P addition, and N
will become the major limiting factor (Tilman, 1982). In our experiment, N addition improved green
leaf N:P ratio of S. capillata from more than 16 in the control group to more than 20 and increased
senesced leaf N:P ratio to more than 50. P addition and N+P addition decreased the ratio to below 14
in both green and senesced leaves. The results also support that S. capillata is limited by P rather
than N. The responses of N:P ratio of S. rhodanthum to nutrient addition differed from those of S.
capillata. Although the ratio in green and senesced leaves of S. rhodanthum had different responses
to external nutrient addition, the values were lower than 14 in the four treatments. This might be
because S. rhodanthum had higher leaf P concentrations and was insensitive to N addition. These
results also showed that the critical N:P ratio for nutrient limitation is determined by species, and
N:P ratio could not be the only indicator to show the limitation for plants.

As S. capillata represents more than 70% and S. rhodanthum occupies more than 20% of the
aboveground biomass in the study area, the limitation of the two species can be regarded as the
limitation of this alpine grassland. According to the responses of leaf N, leaf P, leaf N:P ratio, NRE,
PRE, and NRE:PRE to N addition and P addition for the two species, the ecosystem is limited by P
rather than N. This result contradicts earlier research, which found that alpine grasslands are
limited by N or N and P, which may be explained by the alleviation of N limitation of this
ecosystem under long-term N deposition (Long et al., 2016). More studies are needed to strengthen
our understanding of nutrient limitation in the context of long-term global nutrient deposition.

5 Conclusions

Our results showed that the alpine grassland on the Kunlun Mountains is not a N-limited ecosystem
and the interactive effect of N and P is not evident. The responses of the two species (S. rhodanthum
and S. capillata) to nutrient addition are species-specific. S. capillata is more sensitive to P addition
and has a higher P use efficiency than S. rhodanthum. Given that S. rhodanthum is insensitive to N
addition, increasing N addition would support the growth of S. capillata. However, although N
addition supports the growth of S. capillata, this alpine grassland is P-limited and S. capillata is
mainly limited by P. Future studies should explore the responses of the two species to nutrient
addition over a longer period.
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