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Abstract
There is controversy over whether the addition of nitrogen (N) is the key to the rapid

growth of Chinese rye grass Leymus chinensis (Trin.) Tzvel. in natural, semiarid grass-

lands. We investigated yearly impact of various N additions (0, 91, 183, and 274 kg N

ha−1) on the relationships between nutrient traits (plant carbon [C], N, and phospho-

rous [P]), morphological traits (plant height, leaf number, leaf length, leaf width, stem

length and stem diameter) and aboveground biomass in L. chinensis. Results showed

that most of the growth characteristics of L. chinensis increased with N rate except

for leaf number and stem length. Nitrogen addition increased aboveground biomass,

plant height, leaf length and stem length of L. chinensis, which was related to high pre-

cipitation during the critical period for the growth of L. chinensis. Nitrogen addition

increased the N concentration and N to P ratio of L. chinensis tissue, but decreased the

C to N ratio in the leaf and stem of L. chinensis. Compared to the control, N addition

increased C and N concentrations and the N to P ratio, but decreased P concentration

and the C to N ratio.

1 INTRODUCTION

The meadow steppe areas in northeast Asia are the largest
remaining grasslands in the world (Kawamura et al., 2005).
In the past 20 yr, extensive hay harvesting in the Mongolian
steppe has resulted in export of nutrients, affecting nutrient
availability by decreasing soil nutrient content, and leading
to significant changes in both aboveground and belowground
components of the ecosystem (Bardgett, Wardle, & Yeates,
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1998; Kuzyakov, Kretzschmar, & Stahr, 1999; Olde Ven-
terink, Kardel, Kotowski, Peeters, & Wassen, 2009). Nitro-
gen (N) is an important nutrient in terrestrial ecosystems
that affects the uptake efficiency of phosphorus (P) by plant
and therefore, N fertilization is needed for low-N ecosystems
(Galloway et al., 2004; Lü & Han, 2010; Steffens, Kölbl,
Totsche, & Kögel-Knabner, 2008; Yahdjian, Gherardi, &
Sala, 2011). However, N application may decrease soil pH and
the subsequent soil acidification has negative effects on plant
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communities (Basso et al., 2016; Liu et al., 2017). Therefore,
determining appropriate rate of N addition is essential for sus-
tainable management of grassland ecosystems.

Plant functional traits represent ecological strategies and
determine how plants respond to environmental factors, affect
other trophic levels and influence ecosystem properties (Liu
et al., 2012). Changes in plant functional traits, can effectively
signify shifts in ecosystem functions and processes, and can
be more sensitive to disturbance from N addition (Gu, Liu,
Guo, & Zhang, 2008; Huang et al., 2015). Plasticity in plant
nutrient traits, including the content, uptake, stoichiometry,
and allocation of nutrients, is predicted to play a key role
in regulating different traits, indirectly affecting ecosystem
stability (Lü, Freschet, Flynn, & Han, 2012a). In semiarid
grasslands, studies have found that dominant grass species
displayed decreasing nutrient uptake with the duration of
N addition (Liu et al., 2011; Lü et al., 2013). These results
showed that carbon (C), N, P and their stoichiometry in plant
tissues are generally associated with plant growth strategies,
which were strongly influenced by external environmental
disturbances (He et al., 2006; Liu et al., 2018). Studies on Chi-
nese terrestrial plants have found that leaf P is considerably
lower than the global average (excluding Chinese species),
resulting in a markedly higher N to P ratios than the global
average, and previous studies observed correlation between C
to N and climate (He et al., 2006; He et al., 2008). These ratios
could also be changed in response to global change factors
such as atmospheric N deposition, and may exert strong con-
trols on community composition and ecosystem functions in
arid and semiarid areas. Plant stoichiometric characteristics
play a significant role in driving several fundamental ecosys-
tem processes, so better understanding of plant stoichiometric
responses to N addition is critical for predicting related pos-
itive and negative feedback in ecosystem processes.

The Chinese rye grass (Leymus chinensis) is a native
perennial rhizomatous grass, and has been considered one
of the most promising grass species for typical steppe
rehabilitation and restoration in semiarid regions of northern
China (Huang et al., 2015; Liu & Han, 2008). This dom-
inant grass species in the Mongolian steppe is also very
palatable for grazing animals and has high forage value and
drought tolerance (Bai, Han, Wu, Chen, & Li, 2004; Huang
et al., 2015). Therefore, L. chinensis is recognized as an
economically and ecologically important fodder crop. In our
study, L. chinensis was chosen as a model plant for exploring
ecological processes under N addition. We examined the
effects of N addition on morphological plasticity, nutrient
concentration, allocation, and ecological stoichiometry of
L. chinensis within a meadow steppe in Hulunbuir, Inner
Mongolia, Northern China. In frigid semiarid grasslands
similar to Hulunbeier our findings should be applicable. This
study was designed to address the following three questions:
(i) How does short-term N addition affect the morphological

Core Ideas
• Higher nitrogen (N) addition increased above-

ground biomass of Leymus chinensis.
• High precipitation at the critical growth period

enhances the increased (biomass, height, leaf/stem
length) caused by N fertilizer.

• Compared to the control, N addition increased N
concentration and N to P ratio of the whole plant.

• Compared to the control, N addition decreased the
C to N ratio in leaves and stems of L. chinensis.

plasticity and biomass allocation change of L. chinensis? (ii)
How does N addition influence concentrations of C, N, and P
in leaves and stems of L. chinensis? (iii) How does N addition
affect the C to N to P stoichiometry and the relationship with
morphological plasticity and plant nutrients?

2 MATERIALS AND METHODS

2.1 Study sites and experimental design

This experiment was conducted in semiarid grassland of Inner
Mongolia, Northern China (49◦23′ N, 120◦02′ E). The steppe
has a semiarid continental climate characterized by mean
annual precipitation (1985–2017) of 355 mm, with approx-
imately 70% falling during the growing season from April
to August. The soil type is Kastanozem (FAO classifica-
tion). The plant community is dominated by Leymus chinensis
(Trin.) Tzvel. and Stipa baicalensis (Roshev.), which together
account for 60% of total aboveground biomass, accompa-
nied by Vicia amoena (Fisch. ex DC.), Thalictrum squarro-
sum (Steph.), Pulsatilla turczaninovii (Kryl. et Serg.), Cleisto-
genes squarrosa (Trin.) Keng, Carex duriuscula (C. A. Mey.),
Allium bidentatum (Allium L.), and Artemisia tanacetifolia
(Linn.). Mowing for forage is a traditional grassland use strat-
egy in this area.

The site was selected in 2013 at a number of permanent
plots within an enclosure to prevent grazing. The experiment
was performed as a completely randomized block with four
treatments and three replicates. The local soil nutrient sur-
vey results in 2013 (total N content in 0 to ∼30 cm soil was
2.86 g kg−1, total P was 0.49 g kg−1, total K was 22.96 g kg−1,
total C was 35 g kg−1, pH was 6.98, and bulk density was
1.11 g cm−3) were used along with consideration of local
traditional fertilization practices to select four amount of
N fertilizer: CK (0 kg N ha−1), N1 (91 kg N ha−1),
N2 (183 kg N ha−1) and N3 (274 kg N ha−1). Twelve 6-m
by 10-m plots were randomly placed on site with an average
separation distance of approximately 2 m in 2014. Nitrogen
fertilizer was urea (CON2H4, total nitrogen content ≥46.4%)
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and fertilizer was broadcast on the surface by hand once a year,
beginning in May 2014.

2.2 Biomass sampling

Field sampling was conducted from August 1st to 3rd, 2015
to 2017, which corresponds with annual peak standing
biomass. Three 0.25-m2 quadrats were selected randomly in
each plot and 20 L. chinensis plants were randomly selected
for testing phenotypic functional traits. Phenotypic functional
traits (plant height, leaf number, leaf length, leaf width, stem
length, stem diameter, and whole-plant biomass) of each L.
chinensis plant were measured in the laboratory. Leaf width
and stem diameter were measured using vernier calipers
(precision = 0.01 mm). Stem, leaf, and whole plant biomass
of L. chinensis were measured after being oven-dried at
65◦C for at least 48 h. Leaves, stems, and whole plants of L.
chinensis in each quadrat were separated and pulverized using
a mechanical mill (Retsch MM 400, Retsch GmbH & Co KG,
Haan, Germany). Total C was determined using the H2SO4–
K2Cr2O7 oxidation method (Bennett, Judd, & Adams, 2003).
Total N was measured with the Kjeldahl method using a
Kjeltec System 1026 distilling unit (Tecator AB, Höganäs,
Sweden) (AOCS, 1989), and total P was measured colori-
metrically at 880 nm after reaction with molybdenum blue.
All stoichiometric ratios of C to N to P are reported as mass
ratios (Lü, Kong, Pan, Simmons, & Han, 2012b).

2.3 Statistical analyses

Statistical analyses were conducted on the average functional
traits of the 20 plants for each quadrat in the field experiment.
Significant differences in plant traits between the four nitro-
gen fertilizer treatments were evaluated by two-way analysis
of variance (ANOVA) procedures. The plasticity index for the
different plant traits of L. chinensis was calculated as follows:

Plasticity index = (maximum value − minimum value) ∕
maximum value.

Values of the four treatments (CK, N1, N2, and N3) were
used for each indicator to calculate the plasticity index. The
plasticity index is always between 0 and 1. A mean plant
traits plasticity index was calculated, as the mean of all the
plant traits plasticity indexes (Valladares, Sanchez-Gomez, &
Zavala, 2006).

To summarize the effect of nitrogen fertilizer on plant traits
we calculated the fertilization effect as follows:

Fertilization effect (FE) = mean plant traits 𝑖 under

fertilization∕mean root trait

𝑖 under control treatment.

A value of the fertilizer effect >1 means that fertilizer
increased the value of this trait, while a value <1 means that
fertilizer decreased the value of this trait. The fertilizer effect
and plasticity indexes reflect different aspects. Plasticity index
values close to zero indicate that the plant traits show little
plasticity in response to changes in environmental conditions,
regardless of the direction of change. The fertilizer effect indi-
cates the effect of fertilizer (increase or decrease), and its mag-
nitude, on the plant traits.

A principal component analysis (PCA) was performed to
determine relationships among plant traits and the effect of
nitrogen fertilizer on these (Fort et al., 2015). Before analysis,
we centered and normalized all variables with their standard
deviations, and the importance of a trait in a given component
is indicated by its relative loading on a component.

Two-way analysis of variance (ANOVA) was completed
using SPSS 20.0 software (SPSS statistical package, Chicago,
IL). An α of 0.05 was used for statistical significance. Statisti-
cal graphs were prepared using Excel 2010. The relationships
between all the plant traits under nitrogen fertilizer treatments
were analyzed by principal component analysis (PCA) using
R package ‘vegan’.

3 RESULTS

3.1 Environmental conditions during the
fertilization experiment

During fertilization, the average growing-season monthly
temperature from April to August was similar from 2015
to 2017, but there were large differences in precipitation
(Figure 1). Precipitation during the most critical period for
grass growth (April to June) was 27, 43, and 28 mm, for 2015,
2016, and 2017, respectively.

3.2 Morphological plasticity response to N
addition

Short-term effects on the plant traits of L. chinensis had a
significant interaction for nitrogen treatments and years. The
majority of traits were significantly increased by N fertilizer
addition except for leaf number and stem length (Table 1,
P < .001; Figure 2, P < .05). The sorting of morphological
traits indicated that the morphological traits of L. chinensis
could be distinguished into sensitive traits (leaf mass, stem
mass, and stem diameter) and insensitive traits (leaf width,
plant height, leaf length, stem length, and leaf number) in
response to different N rate (Figure 3). Aboveground biomass
of L. chinensis tended to increase with the increase of N rate
especially in 2016 that N3 was significantly higher than other
treatments (P < .05) (Figure 4). This was associated with the
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F I G U R E 1 Monthly (numbers 1 to 12 represent January to December) mean air temperature (lines) and rainfall (bars) received during the
study period in 2015 to 2017 at the experiment site near Hulunbuir Grassland Ecosystem National Field Observation Station

T A B L E 1 Results (P-values) of ANOVA for the effects of fertilizer on Leymus chinensis plant traits: plant height (PH), leaf number (LN), leaf
length (LL), leaf width (LW), stem length (SL), stem diameter (SD), stem mass (SM), leaf mass (LM), whole-plant aboveground biomass (AG), and
steam to leaf ratio (SLR)

Source of variance df PH LN LL LW SL SD SM LM AG SLR
N-rate (N)a 3 <.001 .976 <.001 <.001 .320 <.001 <.001 <.001 <.001 <.001

Year (Y)b 2 <.001 <.001 <.001 .198 <.001 .543 <.001 .476 <.001 <.001

Block (B) 2 .177 .364 .382 .406 .263 .575 <.05 .679 .141 <.05

N × B 6 .884 <.05 .440 <.05 .310 .513 .065 .387 .992 .256

Y × B 4 .688 .726 .655 .993 .487 .956 .197 .774 .987 .154

N × Y 6 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 .053

N × Y × B 12 .833 <.05 .823 .316 .173 .145 <.05 .168 1.000 .078

aNitrogen fertilizer treatments: CK (0 kg N ha−1), N1 (91 kg N ha−1), N2 (183 kg N ha−1), and N3 (274 kg N ha−1).
bYear: 2015, 2016, and 2017.

high precipitation from April to June compared to the other
2 yr (Figure 1), indicating that the effect of N fertilizer rate on
biomass production can be more realized if the moisture con-
dition is good. Although treatment differences in leaf mass
and stem mass were not consistent over the 3 yr (Figure 4),
more N input (N3 and N2) tended to result in more leaf mass
and stem mass than less N input (N1 and CK). There was
no N by year interaction for stem to leaf ratio and N1 was
significantly lower than other three N treatments (P < .05).
For plant height, the highest N treatment (N3) was the highest
compared to other treatments in 2016, but no significant treat-
ment difference was observed in the other 2 yr. Similar results
were found for leaf length and stem length indicating that the
impact of moisture condition on the effectiveness of N input
on plant height, leaf length and stem length. Less N input (CK
and N1) tended to increase the leaf number in 2017 compared
to more N input treatments of N2 and N3, but no difference
was found for 2015 or 2016 between N treatments. No signif-
icant treatment difference was found in leaf width in all 3 yr
except that N2 was higher than other treatments in 2016. No

obvious effects of N input on stem diameter were observed in
all years except that N2 had the highest stem diameter than
other treatments in 2015. Overall, N inputs tended to increase
biomass, plant height, leaf length and stem length especially
under the good moisture condition (2016), but the effect of N
fertilizer rate on other traits were not significant or consistent.

In all plant traits and biomass, only three sets of indica-
tors had significant correlation, stem mass and stem length
(r = 0.97, P < .05), leaf number and leaf width (r = 0.95,
P < .05), plant height and stem length (r = 0.96, P < .05),
respectively. Additionally, the first two axes of PCA could
explain 56.8% of the total variances observed in plant traits
of L. chinensis.

3.3 Nutrient allocation responses
to N addition

The interaction of nitrogen treatments and years were sig-
nificant on C, N and P rates except for C on leaf and P on
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F I G U R E 2 Effects of N fertilizer addition on plant traits of Leymus chinensis from 2015 to 2017; treatments were: CK, (0 kg N ha−1), N1
(91 kg N ha−1), N2 (183 kg N ha−1) and N3 (274 kg N ha−1). The vertical bars represent standard errors. Values not sharing a common lowercase
letter were significantly different according to the LSD test at P < .05



6 BAI ET AL.

F I G U R E 3 Fertilization effect (FE) of Leymus chinensis in
response to N fertilizer addition with standard error bars. Nitrogen
fertilizer treatments were: CK, (0 kg N ha−1), N1 (91 kg N ha−1), N2
(183 kg N ha−1) and N3 (274 kg N ha−1). SM, stem mass; LM, leaf
mass; SD, stem diameter; LW, leaf width; PH, plant height; LL, leaf
length; SL, stem length; LN, leaf number

aboveground biomass of L. chinensis (Table 2; P < .05). For
C concentration, the high values of aboveground biomass and

Stem were apparent in N3, while significant higher on C of
leaf in 2015 was found across different fertilizer years (Fig-
ure 5a, b, c). We found that there was a steady increase of N
in aboveground biomass and leaf until N3 in 2017 reached the
peak value, while N3 of stem in 2016 was higher (Figure 5d,
e, f; P < .05). However, the P of aboveground biomass, leaf
and stem were found to be significantly higher in CK across
different N rate, but appeared in different years (Figure 5g,
h, i; P < .05).

3.4 Stoichiometric responses

The interaction of nitrogen treatments and years was signif-
icant on stoichiometric except for C to P on aboveground
biomass of L. chinensis (Table 3; P < .05). Nitrogen fertilizer
slowly decreased the C to N in leaf, stem, and aboveground
biomass of L. chinensis except for aboveground biomass in
2015 (Figure 6a, b, c; P < .05). In addition, the higher values
of C to P ratio on leaf and stem were found on low N rate
fertilizer in 2017, while medium N rate performed better on
aboveground biomass (Figure 6d, e, f; P < .05). In contrast,

F I G U R E 4 Effects of N fertilizer addition on the aboveground biomass (AG) of Leymus chinensis, and in leaf mass, and stem mass, and stem
to leaf mass ratio. Nitrogen fertilizer treatments were: CK, (0 kg N ha−1), N1 (91 kg N ha−1), N2 (183 kg N ha−1) and N3 (274 kg N ha−1). Values
not sharing a common lowercase letter were significantly different according to the LSD test at P < .05
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T A B L E 2 Results (P-values) of ANOVA for the effects of fertilizer on nutrient concentrations of Leymus chinensis: whole-plant aboveground
biomass (AG), leaf mass (LM), and stem mass (SM)

C concentration N concentration P concentration
Source of variance df AG LM SM AG LM SM AG LM SM
N-rate (N)a 3 .553 .480 <.05 <.001 <.001 <.001 <.05 <.001 <.001

Year (Y)b 2 <.01 <.01 <.001 <.001 <.001 <.001 <.001 <.001 <.001

Block (B) 2 <.001 <.001 <.001 <.001 <.001 <.001 <.01 <.001 <.001

N × B 6 .895 .639 .880 .840 .491 .726 .821 .141 .092

Y × B 4 <.05 .066 <.05 .066 .222 .268 .593 <.001 .093

N × Y 6 <.001 .672 <.05 <.001 <.001 <.001 .225 <.001 <.001

N × Y × B 12 .966 .876 .946 .935 .336 .832 .560 .726 .441

aNitrogen fertilizer treatments: CK (0 kg N ha−1), N1 (91 kg N ha−1), N2 (183 kg N ha−1), and N3 (274 kg N ha−1).
bYear: 2015, 2016, and 2017.

F I G U R E 5 Effects of N fertilizer addition on C, N, and P concentrations in the aboveground portions of Leymus chinensis (a, d, g,
respectively), and in leaves (b, e, h, respectively), and stems (c, f, i, respectively). Nitrogen fertilizer treatments were: CK, (0 kg N ha−1), N1 (91 kg N
ha−1), N2 (183 kg N ha−1) and N3 (274 kg N ha−1). Values not sharing a common lowercase letter were significantly different according to the LSD
test at P < .05
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T A B L E 3 Results (P-values) of ANOVA for the effects of fertilizer on nutrient stoichiometry of Leymus chinensis: whole-plant aboveground
biomass (AG), leaf mass (LM), and stem mass (SM)

C to N ratio C to P ratio N to P ratio
Source of variance df AG LM SM AG LM SM AG LM SM
N-rate (N)a 3 <.001 <.001 <.001 <.05 <.05 <.001 <.001 <.001 <.001

Year (Y)b 2 <.001 <.001 <.001 <.001 <.001 <.05 <.001 <.001 <.001

Block (B) 2 <.05 <.001 <.001 .120 <.05 <.001 .088 <.05 .694

N × B 6 .432 .213 .827 .081 .665 .431 .644 .621 .600

Y × B 4 .376 .773 <.05 .334 .074 .225 .313 <.05 .981

N × Y 6 <.001 <.001 <.001 <.001 <.05 <.001 <.001 <.05 <.001

N × Y × B 12 .252 .869 .866 <.05 .853 .688 .012 .686 <.05

aNitrogen fertilizer treatments: CK (0 kg N ha−1), N1 (91 kg N ha−1), N2 (183 kg N ha−1), and N3 (274 kg N ha−1).
bYear: 2015, 2016, and 2017.

F I G U R E 6 Effects of N fertilizer addition on C to N, C to P, and N to P ratios in the aboveground portions of Leymus chinensis plants (a, d, g,
respectively), and in leaves (b, e, h, respectively), and stems (c, f, i, respectively). Nitrogen fertilizer treatments were: CK, (0 kg N ha−1), N1 (91 kg
N ha−1), N2 (183 kg N ha−1) and N3 (274 kg N ha−1). Values not sharing a common lowercase letter were significantly different according to the
LSD test at P < .05
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F I G U R E 7 Principal component analysis showing (a) the relationships between plant traits, (b) Leymus chinensis whole-plant nutrient
concentration and stoichiometry, (c) leaf nutrient concentration and stoichiometry, and (d) stem nutrient concentration and stoichiometry. (a) PH,
plant height; LN, leaf number; LL, leaf length; LW, leaf width; SL, stem length; SD, stem diameter; SM, stem mass; LM, leaf mass. (b)
LCC/LCN/LCP, Leymus chinensis whole-plant carbon, nitrogen, and phosphorus; LCCN/LCNP/LCCP, Leymus chinensis whole-plant C to N, N to
P, and C to P. (c) LLC/LLN/LLP, leaf carbon, nitrogen, and phosphorus; LLCN/LLNP/LLCP, leaf C to N, N to P, and C to P. (d) LSC/LSN/LSP,
stem carbon, nitrogen, and phosphorus; LSCN/LSNP/LSCP, stem C to N, N to P, and C to P

the high value of N to P on aboveground biomass was found
on high N rate in 2017 (Figure 6g; P < .05). Leaf N to P has
similar result, but fertilized treatments performed better than
CK in 2017 (Figure 6h; P < .05). Interestingly, the higher
peak value of stem N to P was found on N2 in 2016 (Fig-
ure 6i; P < .05). There were significantly negative correlation
between leaf C to P and leaf P (r = −0.95, P < .05), stem C
to N and stem N (r = −0.99, P < .05), L. chinensis C to P
and L. chinensis P (r = −0.97, P < .05), while L. chinensis
C to N and L. chinensis P (r = 0.95, P < .05), L. chinensis C
to P and L. chinensis N (r = 0.99, P < .05) had significantly
positive correlations. The first two axes of PCA could

explain 77.1, 84.7, and 88% of the total variances observed in
whole plants, leaves, and stems of L. chinensis respectively
(Figure 7).

4 DISCUSSION

4.1 Morphological plasticity of L. chinensis

The plant functional traits, which exist in various terrestrial
plant species, can effectively signify shifts in ecosystem func-
tions and processes (De Vries, Brown, & Stevens, 2016). In
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semiarid regions, N addition affects native grassland in the
macro-scale performance of ecosystems and the plant func-
tion at the micro-scale (Sanjuán et al., 2018). Our results
demonstrated that the aboveground biomass of L. chinensis
tended to be larger under N addition compared with CK.
This is consistent with the findings described in several pre-
vious studies (He et al., 2016; Shen et al., 2018). We found
a dramatic change in the plasticity of different functional
traits with the increase of nitrogen rate—the higher sensi-
tivity of stems than leaves—indicated that L. chinensis can
exhibit rapid pant growth by promoting stem elongation. In
our results, N addition increased plant height, leaf length, stem
length, especially N3 in 2016. Primary production was co-
limited by available water and N in semiarid ecosystems, as
well as plant functional traits are affected (Bai et al., 2008; He
et al., 2016; Hooper & Johnson, 1999). Hence, water avail-
ability might mediate the response of productivity and plant
functional traits to N addition. Although these three fertiliza-
tion years were dry years, aboveground biomass of L. chinen-
sis and some plants traits performed better in 2016 because
of much more precipitation in May and June and fertilizer
accumulation.

4.2 Effects of N addition on nutrient
allocation

We initially hypothesized that plant biomass, N and P are
in response to soil nutrient addition, and this was supported
by our results that nutrient addition significantly increased
total plant C concentration and N concentration of L. chinen-
sis compared to CK (Aerts & Chapin, 1999; Hessen, Elser,
Sterner, & Urabe, 2013; Lü, Lü, Zhou, Han, & Han, 2012c).
Notably, N addition significantly decreased P concentration
in leaf, stem and whole plants regardless of water available
in the soil, not in line with other studies (Güsewell, 2004; Lü
et al., 2012b; Shen et al., 2018). Theoretically, this may be
explained by the effects of N inputs on P uptake are mod-
ulated by environment factors (Lü & Han, 2010). Nitrogen
addition is predicted to enhance plant P concentration due to
its positive impacts on soil P availability by stimulating the
activities of soil P-mineralizing enzymes (Lü, Reed, Yu, &
Han, 2016; Marklein & Houlton, 2012). Water stress can also
result in plant down regulating nutrient uptake, and increasing
N can increase water use which reduces soil water and slows
P uptake. However, N addition will drive P limitation if there
is no additional external P input in the long-term (Vitousek,
Porder, Houlton, & Chadwick, 2010; Wang et al., 2018). The
negative impacts of N addition on P concentration in L. chi-
nensis would result from the growth dilution effects, because
N addition substantially increased growth of L. chinensis (Van
Heerwaarden, Toet, & Aerts, 2003).

4.3 Effects of N addition on stoichiometry

Nitrogen addition often results in higher availability of soil
inorganic N, thereby increased N rates and decreased C to
N ratios in green plant tissue (AbdElgawad et al., 2014; Xia
& Wan, 2008). Consistent with previous research, N addi-
tion significantly decreased C to N ratio in our study, and
there were significant negative correlation between C to N
ratio and N concentration in green plant tissue (Henry, Cle-
land, Field, & Vitousek, 2005; Lü et al., 2012c). Previous
studies suggest that the increased concentration of nutrients
in plant tissues is mediated by positive fertilizer effects on
soil N cycling, which leads to greater plant N uptake (Hofer,
Suter, Buchmann, & Lüscher, 2017; Zhou, Bowker, Tao, Wu,
& Zhang, 2018). Other studies showed that N was released
and then taken up by the plant, resulting in more N remaining
in senesced leaves and thus lower C to N ratio (Lü & Han,
2010; Lü et al., 2012b). The result in our study was in line
with our expectations, increased N to P ratios with increased
N, especially in leaves and L. chinensis plants. We attribute
the increased N to P ratio to N addition. Nitrogen addition
would lead to higher N uptake and lower P uptake in the same
community. In contrast, in a study conducted in the similar
area, it was found that N to P ratios of L. chinensis remained
constant after N addition. These inconsistencies indicated a
need to conduct an analysis of other environment factors to
assess to underlying mechanisms accounting for the site dif-
ferences (Lü & Han, 2010). Another important result in this
study was that N addition led to a lower P in whole plants and
consequently a higher C to P ratio (Billings et al., 2003). Addi-
tionally, we found significant positive correlation between L.
chinensis N and L. chinensis C to P ratio (AbdElgawad et al.,
2014). In previous studies, higher N availability with water
added treatments resulted in a lower C to P ratio (Lü & Han,
2010). We suggest the difference in precipitation might be a
reason of decreased C to P ratio in our study.

5 CONCLUSION

We conclude that an increased N rate could have a signifi-
cantly positive effect with most plant morphological traits,
and nutrient concentrations and stoichiometry were also
strongly impacted. As hypothesized, we showed that the
response of leaf mass and stem mass uptake to N addition were
extremely sensitive. The patterns of biomass allocation of L.
chinensis were significantly correlated with increased N rate.
However, the increase in N to P ratio and decreased C to N
ratio would attribute the change of stoichiometry to N addi-
tion; this led to higher N and C uptake, and lower P uptake
of L. chinensis. Our results suggest that sustainable develop-
ment of L. chinensis temperate grasslands requires not only
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control of N addition, but also a knowledge of the processes
and mechanisms of vegetation dynamics in response to varia-
tions in the environment.
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