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Abstract
Purpose Chemical niche differentiation and changes in the dominance of plant species have been proposed as mechanisms for
the coexistence of different types of plants. We explored how dominant plant species take up ammonium (NH4+), nitrate (NO3−),
and glycine under conditions of warming and soil degradation in alpine grasslands.
Materials and methods Open-top chambers were used to simulate warming in degraded and non-degraded plots in an alpine
grassland ecosystem on the Tibetan Plateau. Plant species were selected in both non-degraded (Kobresia pygmaea and Aster
tataricus) and degraded (Aster tataricus and Chenopodium glaucum) plots. Short-term 15N-labeling experiments with NH4+-N,
NO3−-N, and glycine (13C15N-glycine) were conducted in each of four subplots with water alone as the control.
Results and discussion All of the selected plant species took up both organic and inorganic forms of N in the K. pygmaea grassland.
Warming increased the uptake of glycine-N by the dominant species, whereas the uptake of NH4+-N by the non-dominant species
increased in both non-degraded and degraded grasslands. Warming changed the N uptake preference of A. tataricus from NO3−-N to
NH4+-N in non-degraded grasslands, but did not change the preference of A. tataricus under degraded conditions. This suggests that
degradation can affect the preference of different plant species for particular forms of N as a response to warming.
Conclusions Plants in K. pygmaea grasslands take up organic N, although inorganic N is the dominant form of N used. The
effects of warming on the uptake of N by plants varied with species, the form of N, and the degradation of the grassland.
Degradation modified the effect of warming on the preference of plants for different forms of N. Different plant species
developed different patterns for the uptake of N in both non-degraded and degraded plots, which may facilitate their coexistence
in alpine grasslands.
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1 Introduction
Plant growth is limited by the availability of nitrogen (N) in
many terrestrial ecosystems (Vitousek and Howarth 1991;
Näsholm et al. 1998). Many plant species take up both inorganic and organic forms of N, including NH4+, NO3−, and free
amino acids (Warren 2006; Jones et al. 2005; Näsholm et al.
2009; Mansson et al. 2014). Many studies have shown that
free amino acids are an important source of N for plant growth
in cold and wet environments where N mineralization rates are
low, such as in arctic, boreal, and alpine grassland ecosystems
(Vitousek and Howarth 1991; Miller and Bowman 2003;
Jones et al. 2004; Xu et al. 2006; Gärdenäs et al. 2011). In
such N-limited ecosystems, plant species use different forms
of N as an important mechanism in maintaining the coexistence of different plant species and net primary production at
the ecosystem level (McKane et al. 2002; Lin et al. 2011;
Jiang et al. 2016). Clarifying the N uptake patterns of plant
species in N-limited ecosystems will therefore be beneficial in
understanding plant diversity and production.
Alpine grasslands are an important vegetation type on the
Tibetan Plateau and cover about 35% of the surface area of the
plateau. Large areas of alpine grassland have been degraded to
varying degrees in the past few decades as a result of heavy
grazing (Zhou et al. 2005; Zhao et al. 2009; Wang et al. 2012).
This has led to a series of ecological consequences and has
affected the livelihood of local farmers. Many studies have
shown that degradation strongly decreases net primary production and plant species richness. Degradation changes the composition of species in the plant community (Wang et al. 2009),
increases the distribution of annual plant species (Che et al.
2017; Cui et al. 2017), and decreases the sequestration and
storage of carbon (C) and the availability of soil water in alpine
grasslands (Babel et al. 2014). Such distinct differences in plant
composition in degraded and non-degraded grasslands provide
an opportunity to explore the mechanisms responsible for plant
diversity in alpine grasslands. Given that N is a major nutrient
limiting plant growth in this N-limited alpine grassland, we
have proposed that the dominant plant species change their N
uptake patterns under non-degraded and degraded conditions to
maintain plant diversity (Jiang et al. 2017).
In addition to soil degradation, the Tibetan Plateau has
experienced stronger climate warming than other regions.
The average surface temperature of the Tibetan Plateau is
expected to increase by 2 °C by 2050, which is higher and
faster than the global mean value (Thompson et al. 2000;
Kuang and Jiao 2016). A rapid increase in surface temperature
can significantly accelerate the mineralization of soil organic

matter (Luo et al. 2010) and increase the availability of soil
nutrients (Lin et al. 2011). At the same time, the form of N in
soils (Kuster et al. 2016) and the supply of substrate may also
change, which may affect the uptake of N by plants and the
coexistence of different plant species. Temperature also affects
the uptake of N by plants (Warren 2009), e.g., plants take up
more glycine at low temperatures and more NO3− at warm
temperatures because of low nitrogen mineralization rate
resulting in low N availability (Warren 2009). Hydroponic
experiments have shown that some plant species take up more
NO3− than NH4+ and free amino acids under warming conditions (Chapin et al. 1986; Kuster et al. 2016). Other studies
have suggested that the uptake of N by some plant species is
insensitive to temperature (Henry and Jefferies 2003). These
studies indicate that there is no general pattern between temperature and the uptake of different forms of N (Chapin et al.
1986). In this study, we hypothesize that the uptake of available N by plants is more sensitive to warming under degraded
conditions than under non-degraded conditions because fastgrowing plants are dominant in the degraded alpine meadow
and often have rapid uptake rates (Wang et al. 2012).
To test these two hypotheses, we conducted an in situ 15Nlabeling experiment with warming and non-warming treatments in degraded and non-degraded alpine grasslands.
Because glycine is a very common free amino acid in alpine
soils (Jiang et al. 2016), we used glycine dual-labeled with
both 13C and 15N to quantify the uptake of intact glycine.
This experiment aimed to determine which form of N
(NH4+-N, NO3−-N, and glycine-N) is preferred by the dominant plant species in alpine grasslands and whether degradation and warming change the N preference of different plant
species.

2 Materials and methods
2.1 Study site
The study was performed at the Nagqu Ecological and
Environmental Observation and Research Station, Tibet,
China (31° 17′ N, 92° 06′ E; 4501 m a.s.l.), located in the
Nagqu river basin. The research station is at the center of the
major area of distribution of Kobresia pygmaea on the Tibetan
Plateau. The experimental site is characterized by a typical
alpine grassland climate with strong solar radiation, long, cold
winters, and short, cool summers. The mean annual air temperature is –2.1 °C, and the annual mean precipitation over the
past 10 years is 406 mm. Most of the precipitation falls
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between June and September. K. pygmaea is the dominant
plant species in this area (Jiang et al. 2017). The soil is classified as an alpine grassland soil, corresponding to a stagnic
Cambisol (IUSS Working Group WRB 2006). The soil contains 4% organic carbon, 0.34% total N, and consists of 36%
sand (Li et al. 2016).
The alpine grasslands in this region have been degraded
over the last 40 years, and annual plant species are present
in the most severely degraded areas (Zhao 2011). The dominant species in degraded alpine grasslands is Aster tataricus,
which has a canopy height of 2 cm and 50% coverage (Cui
et al. 2017). The soil organic carbon, total N, and sand contents in the degraded alpine grasslands are about 2, 0.06, and
60%, respectively (Li et al. 2016).
Four open-top chambers were set up in degraded and nondegraded alpine grassland plots in May 2013 to study the
influence of warming on the uptake of N by plants. Grazing
animals have been excluded from the non-degraded plots for
about 10 years. The open-top chambers were made of plastic
that could transmit solar radiation and were cylindrical, 0.5 m
high and 1.5 and 1.0 m in diameter at the base and top, respectively (Cui et al. 2017) (Fig. 1). Warming significantly
increased the seasonal mean soil temperature by about
1.0 °C from May to September 2014 (Cui et al. 2017).

2.2 15N-labeling
Four subplots measuring 15 cm × 15 cm were established randomly in the warming and non-warming treatments in both
degraded and non-degraded plots in August 2014. We selected
two plant species (dominant and subordinate species) in each
type of plot: K. pygmaea and A. tataricus in the non-degraded
plots and A. tataricus and Chenopodium glaucum in the degraded plots. A. tataricus was the most common species in both
non-degraded and degraded plots and was the dominant plant
species in the degraded plots without K. pygmaea. Each of the
four subplots was injected with water (with no added 15N) as a
control, NH 4 + - 15 N [( 15 NH 4 ) 2 SO 4 , 98.2%], NO 3 − - 15 N
(Na 15 NO 3 , 98.2%), or glycine- 15 N ( 13 C 2 - 15 N-glycine,
99.98%). The labels were applied on 13 August 2014. The

amount of N was adjusted to 90 mg N L−1 for each of the three
solutions. When labeling, each subplot was divided into nine
3 cm × 3 cm squares, and 1 mL of N solution (or water for the
control plots) was injected at 0–8 cm depth in the soil to give a
homogeneous distribution of 15N equal to 7.5 μg N g−1 soil (Xu
et al. 2011a). Plant above ground biomass was collected within
15 cm × 15 cm quadrat, and plant below ground biomass was
collected within 15 cm × 15 cm × 10 cm quadrat.

2.3 Sampling and isotope analysis
Six hours after the injection of the 15N tracer, the above- and
below-ground parts of the plants in the plots were collected
with scissors. The plant materials were partitioned into species. Soil samples at 0–10 cm depth (> 80% of roots are concentrated within this depth) were collected and immediately
transported to the laboratory. The soil sample was mixed by
hand, sieved to < 2 mm, and stored at − 20 °C for the determination of the soil moisture content and total C and N. The
plant roots were carefully removed from the soils, rinsed first
with tap water and then for 3 min with 0.5 mmol L−1 CaCl2
solution and again with distilled water to remove any traces of
soil absorbed on the surface. The above- and below-ground
parts of the plants were dried at 65 °C for 48 h, weighed, and
then ground to a fine powder using a ball mill (MM2, Fa.
Retsch, Haan, Germany) to determine the total N and atom%
15
N using a Thermo Scientific Flash EA1112 Nitrogen and
Carbon Analyzer with a Conflo III continuous flow universal
interface (MAT 253, Finnigan MAT, Germany).

2.4 Analysis and calculations
The 15N atom% excess (APE) was calculated as the difference
in atom% 15N between the 15N-labeled plots (atom% 15Nlabeled)
and the control plots (atom% 15Ncontrol). The N uptake rate
(μg N g−1 dry weight root h−1) was calculated by multiplying
the N content (μg N g−1 dry weight soil), the APE, and the total
plant biomass (g m−2) and divided by the root mass (g m−2),
time (h), and the ratio of munlabelled to mlabelled, where mlabelled is
the total mass (g m−2) of 15N for each form of N injected per

Fig. 1 Open-top chambers in
alpine grassland plots with and
without degradation

No degradation

Degradation
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plot and munlabelled is the mass of the corresponding form of N
already in the soil (Xu et al. 2011b):
APEð%Þ ¼ Atom%labeled −Atom%control

ð1Þ

where APE (%) is the atom percent excess, Atom%labeled is the
atom% 15N from the 15N-labeled material, and Atom%control is
the atom% 15N from the same material in the control treatment.
15


Nuptake mg m−2 ¼

total biomass  Ncontent %  APE  15
ð2Þ
Atom%labeled  15 þ ð100%−Atom%labeled Þ  14

where 15N uptake (mg m−2) is the amount 15N absorbed by plant
at per unit area of soil. The total biomass (g m−2) is the sum of
the mass of the root and shoot biomass, and the Ncontent (%) is
the content of N in the plant.
 15
−1
−1
¼ Nuptake
15 N uptake rate μg N g dry weight root h
root biomass  time
ð3Þ
where 15N is the uptake rate (μg N g−1 dry weight root h−1) by
the plant roots from the soil, calculated by dividing the 15N
uptake (mg m−2) by the root biomass (g m−2) and the 15N
labeling time (h) (McKane et al. 2002; Xu et al. 2011b).

Actual N uptake rate μg N g−1 dry weight root h−1
¼

15

N uptake rate  MN
15
N added

ð4Þ

where the actual N uptake rate (μg N g−1 dry weight root h−1) is
the N uptake rate by plants per unit soil area and per unit dry root
biomass. MN (g m−2) is the amount of native NH4+, NO3−, or
glycine in the soil, and 15N added (g m−2) is the total amount of
added 15N- NO3−, 15N-NH4+, or 15N-glycine (Xu et al. 2011b).
The plant relative biomass (%) was calculated by dividing
the total plant community biomass by the plant species biomass. The plant N stock was calculated by multiplying the
plant biomass (g m−2) by the plant N concentration (%). The
percentage of different N forms was calculated as the uptake
of individual forms of N (NH4+-N, NO3−-N, or glycine-N)
divided by the total plant N uptake (Lin et al. 2011).
The regression of excess 13C to 15N of the plant material was
used to conservatively estimate the fraction of intact amino acid
uptake in the total uptake of amino acid N (Näsholm et al. 1998).
We used the values of the atom percent and concentrations of C
and N to calculate molar excess 13C and 15N. The molar excess
15
N and 13C were calculated using Eqs. (5) and (6), which are
based on the description given by Näsholm et al. (2000) and
Warren and Adams (2007):
15

N−excess μmol g−1 dry mass
¼



biomass  Ncontent ð%Þ  Atom%Gly−N −Atom%CK−N

Atom%Gly−N  15 þ 100%−Atom%Gly−N  14



ð5Þ

13


C−excess μmol g−1 dry mass
¼

biomass  Ccontent ð%Þ  Atom%Gly−C −Atom%CK−C

Atom%Gly−C  13 þ 100%−Atom%Gly−C  12



ð6Þ
For the calculation of excess 15N, the atomic standard of 15N
(N2 0.3363 atom%) was used as the reference and the atom%CK15
N as the atomic standard for N. The mean values of the abun13
15
dance of C in the N-ammonium-labeled and 15N-nitrate-labeled plants were used as references for the calculation of the
excess 13C (Näsholm et al. 2000; Warren and Adams 2007),
which is the atom%CK-C. Intact amino acid N uptake was conservatively estimated using 15N uptake rate × the slope of the
regression of excess 15N to excess 13C (Näsholm et al. 1998).
Two-way ANOVA was used to test the differences in
warming and degradation on the community biomass and soil
properties. One-way ANOVA followed by Duncan’s multiple
range test was used to examine separately the differences in
biomass, N stock, and root-to-shoot ratios among the two
species in the non-degraded and degraded plots. The effects
of treatment on the rate of uptake of N were tested using linear
mixed models with the plant species (K. pygmaea and
A. tataricus), form of N (NH4+-N, NO3−-N, and glycine-N),
and warming (unwarmed and warmed) as the fixed factors in
the non-degraded plots and with the plant species (C. glaucum
and A. tataricus), form of N (NH4+-N, NO3−-N, and glycineN), warming (unwarmed and warmed) as fixed factors in the
degraded plots. Duncan’s new multiple range test was used for
post hoc comparisons.
The data are expressed as the excess 13C and 15N with
standard errors. Regression analysis for excess 15N and 13C
by dual-labeled glycine was performed to calculate the fractions of intact amino acids in the uptake of amino acid N
(Näsholm et al. 1998; Näsholm et al. 2000).
For all the ANOVAs, normality was checked with the
Kolmogorov–Smirnov test, and the assumption of homogeneity of variances was checked using Levene’s test. If the assumptions of normality and homogeneity of variances were
not met, the data were log- or square-root-transformed prior to
analysis. Statistical analyses were performed using SPSS 18.0
(SPSS Inc., Chicago, IL, USA), and the significance was considered at the p < 0.05 level.

3 Results
3.1 Effect of degradation and warming on soil
and plant traits
Degradation significantly increased the bulk density of the soil
by 44% and the soil pH by 6% (Table 1). Degradation significantly decreased the concentration of soil organic carbon (C),
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Table 1 Effects of degradation and warming on soil properties (0–
10 cm) in an alpine meadow
No degradation

Degradation

Bulk density (g cm−3)
pH
Soil organic carbon (%)
Total nitrogen (%)

0.781 ± 0.041b
6.609 ± 0.042b
4.170 ± 0.060a
0.339 ± 0.008a

1.392 ± 0.043a
7.033 ± 0.034a
1.960 ± 0.050b
0.061 ± 0.008b

Ammonium (μg N g−1)
Nitrate (μg N g−1)
Glycine (μg N g−1)

4.216 ± 0.537a
5.180 ± 1.576
0.200 ± 0.006a

0.755 ± 0.142b
7.943 ± 1.242
0.165 ± 0.003b

Data are presented as mean ± SE values (n = 4). Different letters indicate
significant differences at the 0.05 level. Lowercase letters show the difference between degraded and non-degraded plots

total nitrogen (N), ammonium, and glycine by 53, 82, 82, and
17%, respectively (Table 1). Degradation did not significantly
affect the concentration of nitrate (Table 1; p > 0.05).
Warming also did not significantly affect all the measured soil
traits (Table 1; p > 0.05).
Fig. 2 Separate effects of
warming on (a, b) plant species
biomass, (c, d) relative biomass,
(e, f) N stock, and (g, h) the rootto-shoot ratios in plots with and
without degradation. Data are
presented as mean ± SE values
(n = 12). Letters above bars
indicate a significant difference
(p < 0.05) between plots with and
without warming. Error bars
represent the standard error. ND,
no degradation; D, degradation;
NW, no warming; W, warming

Degradation changed the composition and dominance of
plant species. K. pygmaea was the dominant plant species in
the non-degraded plot, and A. tataricus was a subdominant
plant species. By contrast, A. tataricus was the dominant
plant species, and C. glaucum was a subdominant plant species in the degraded plot (Fig. 2). Degradation significantly
decreased the biomass of the plant community (p < 0.05).
However, degradation significantly increased the total biomass, relative biomass, N stock, and root-to-shoot ratio of
A. tataricus (Fig. 2; p < 0.05).
The response of the plant species traits to warming was
dependent on the plant species identity. Warming significantly
increased the total biomass and N stock of K. pygmaea and
significantly decreased its root-to-shoot ratio, whereas
warming significantly only decreased the root-to-shoot ratio
of A. tataricus in the non-degraded plot (Fig. 2). Warming
significantly decreased the relative biomass of A. tataricus
and significantly increased the total biomass, relative biomass,
N stock, and root-to-shoot ratio of C. glaucum in the degraded
plot (Fig. 2).
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3.2 Effect of degradation, warming, and form of N
on the actual uptake of N by different plant species
There were significant interactions among the variables plant
species, warming, and the form of N and their effect on the
uptake of N by different plant species in both non-degraded
and degraded plots. There was also a significant interaction
between plant species and warming on the total uptake rate
of N in both non-degraded and degraded plots (Tables 2 and
3). In the non-degraded plot, warming significantly decreased the uptake of ammonium and nitrate and increased
the uptake of glycine by K. pygmaea (Fig. 3a). By contrast,
warming significantly increased the uptake rate of ammonium and decreased the uptake rate of nitrate and glycine by
A. tataricus in the non-degraded plot (Fig. 3c). The pattern
for A. tataricus in the degraded plot is consistent with the
response to warming of the dominant plant species
(K. pygmaea) in the non-degraded plot (Fig. 3d). Warming
significantly increased the uptake of ammonium and significantly decreased the uptake rate of nitrate and glycine for
the subdominant plant species (C. glaucum) in the degraded
plot (Fig. 3b). The pattern for the uptake of intact glycine
was similar to that for 15N-glycine (Fig. 3).
Ammonium and nitrate made up a significantly higher
percentage of the total plant uptake of N for K. pygmaea in
the non-degraded plot with no warming, whereas ammonium and glycine made up a higher percentage of the total
plant N uptake under warming conditions (Fig. 4a). There
was a significantly higher percentage of nitrate in the total
plant uptake of N for A. tataricus with no warming and a
higher percentage of ammonium in the total plant uptake of

N with warming (Fig. 4c). However, warming significantly
changed the percentage of N in the total plant uptake of N
by A. tataricus in the degraded plot (Fig. 4d). The same
pattern was observed for the subdominant plant species
(C. glaucum) in the degraded plot as for the subdominant
plant species A. tataricus (Fig. 4b).
Warming significantly decreased the measured total N uptake rate in both non-degraded and degraded plots for all plant
species (Fig. 5). The correlation between the 13C and 15N
excesses was significant (Fig. 6). The carbon excess was
1.72 and 1.39 times the N excess for roots in the nondegraded (Fig. 6a) and degraded (Fig. 6b) plots, respectively.

4 Discussion
Using 13C- and 15N-labeled glycine, we showed that the uptake rates of intact glycine by plants varied from 0.20 to
38.83 μg N g h−1. This confirms that all the alpine grassland
plant species selected can directly take up low molecular
weight substances (Xu et al. 2006; Jiang et al. 2017).
Inorganic N was generally the prevailing form of N used by
the plants in the K. pygmaea meadows. The preference of
plants for particular forms of N is species-specific (Harrison
et al. 2007). A. tataricus and C. glaucum in the degraded
grasslands preferred NO3−-N over NH4+-N and glycine-N.
These findings show that plant preferences for the form of N
is mediated by the dominance of the N form and the traits of
the plant species (Miller et al. 2007; von Felten et al. 2009; Xu
et al. 2011a, b; Cui et al. 2017). For example, the availability
of soil nutrients can alter the relative abundance of N-

Table 2 Multifactorial analysis of variance testing the effects of species, warming and N form and their interactions on the N uptake rate and preferred
form of N by different plant species in plots in an alpine meadow with and without degradation
Treatment

No degradation

Degradation

Effect

Degree of freedom

N uptake rate (μg g−1 h−1)

N (%)

F

p

F

p

Species
Warming
N form
Species × warming
Species × N form
Warming × N form

1
1
2
1
2
2

414.06
133.34
231.97
0.73
101.02
164.06

< 0.001
< 0.001
< 0.001
0.401
< 0.001
< 0.001

0
0
712.85
0
142.74
495.15

1
1
< 0.001
1
< 0.001
< 0.001

Species × warming × N form
Species
Warming
N form
Species × warming
Species × N form
Warming × N form
Species × warming × N form

2
1
1
2
1
2
2
2

125.52
3.07
97.92
434.01
0.29
109.02
64.59
12.03

< 0.001
0.092
< 0.001
< 0.001
0.594
< 0.001
< 0.001
< 0.001

90.3
0.01
0.01
1267
0.01
329.53
33.06
48.41

< 0.001
0.922
0.922
< 0.001
0.922
< 0.001
< 0.001
< 0.001
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Table 3 Two-way analysis of
variance testing the effects of
species, warming, and their
interactions on the uptake rate of
total N of plant species in plots in
an alpine meadow with and
without degradation

Treatment

No degradation

Degradation

Effect

Degree of
freedom

Total N uptake rate (μg g−1 h−1)
F

p

Species

1

300.99

< 0.001

Warming
Species × warming

1
1

96.93
0.53

< 0.001
0.487

Species

1

3.10

0.116

Warming
Species × warming

1
1

98.87
0.29

< 0.001
0.602

exploitative versus N-conservative plants, with N-exploitative
species predominating in N-rich environments and Nconservative species predominating in N-poor environments
(Lhotsky et al. 2016; Maire et al. 2012; Xi et al. 2017). The
key species K. pygmaea showed low root N uptake capacity
than the other two species (Fig. 5) despite with high root mass.
This indicates that K. pygmaea has N-conservative traits (Xu
et al. 2004; Maire et al. 2009).
Previous studies have shown that warming can increase the
uptake of N by plants (Warren 2009; Hou et al. 2018). In this
work, we found that the effects of warming on the uptake of N
by plants varied with the plant species, form of N, and the
amount of degradation of the grassland. Warming significantly decreased the uptake rate of NH4+-N and NO3−-N and increased the uptake rate of glycine by K. pygmaea in the nondegraded grasslands, whereas warming increased the uptake

rate of NH4+-N and decreased the uptake rate of NO3−-N and
glycine by A. tataricus. Warming significantly increased the
uptake rate of NH4+-N and decreased the uptake rate of NO3−N and glycine by C. glaucum in the degraded grasslands,
whereas warming decreased the uptake rate of NH4+-N and
NO 3 − -N and increased the uptake rate of glycine by
A. tataricus. These results suggest that different plant species
may develop different N uptake patterns to facilitate their coexistence under warming conditions in both non-degraded and
degraded grasslands (McKane et al. 2002; Miller and
Bowman 2003; Harrison et al. 2008; Kuzyakov and Xu
2013). A possible explanation is that K. pygmaea predominantly took up exchangeable NH4+-N and glycine-N, whereas
A. tataricus preferentially acquired NO3−-N to alleviate competition under warming conditions. When competition was
alleviated in the degraded grasslands, A. tataricus continued

Fig. 3 Effects of the form of N and warming on the uptake rate of N
by plant species in plots with and without degradation. Data are
presented as mean ± SE values (n = 4). The intact glycine value
was calculated using plant species mean N uptake rate multiplied
by the slope of regression between excess 13C and excess 15N in
roots of plants supplied with dual-labeled 13C15N-glycine. Letters
above bars indicate a significant difference (p < 0.05) between plots

with and without warming. Error bars represent the standard error.
ND, no degradation; D, degradation; NW, no warming; W, warming.
The gray bar for glycine uptake refers to the total uptake of glycine
by plants based on 15N calculation. Green bar indicates the uptake of
intact glycine based on combined 13C and 15N calculations which
excluded the uptake of mineralized glycine from its total uptake
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(a)

K. pygmaea

*

NW

W

*

A. tataricus

Glycine

(d)

*

Ammonium
100.00
80.00
60.00
40.00
20.00
0.00

Nitrate

A. tataricus
Ammonium
100.00
80.00
60.00
40.00
20.00
0.00

*

*

Fig. 5 Effects of warming and
degradation on rate of uptake of
total N for different plant species.
Data are presented as mean ± SE
values (n = 4). The total N uptake
rate is the sum of the uptake rate
of the three forms of N. Different
letters indicate significant
differences at the 0.05 level. Error
bars represent standard error. ND,
no degradation; D, degradation;
NW, no warming; W, warming

*

to use NO3−-N under warming conditions because of some
alpine grassland species preferentially utilize NO 3 − -N
(Miller et al. 2007; Jiang et al. 2016), whereas C. glaucum
changed from NO3−-N to NH4+-N uptake. Field observations
have shown that A. tataricus gradually becomes dominant
under degraded conditions (Jiang et al. 2016). When the grassland was degraded, A. tataricus becomes dominant and continued to prefer NO3−-N. This supports our first hypothesis
that plant species change their patterns of N uptake under
non-degraded and degraded conditions to maintain plant
diversity.
The uptake of N by K. pygmaea and A. tataricus in nondegraded grasslands responded differently to warming depending on the species. K. pygmaea is a slow-growing species
and captured more of the available N than the fast-growing
A. tataricus species. At the same time, warming increased the
total biomass and N stock of K. pygmaea and C. glaucum
although it did not increase their total N uptake rate, meaning
that plants under warming conditions can acquire more N
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Fig. 4 Changes in the chemical
niche for two dominant plant
species with no warming and
warming treatment in plots with
and without degradation. The x, y,
and z axes represent the
contribution of ammonium,
nitrate, and glycine to total N
uptake (%). Asterisks indicate
significant differences (p < 0.05)
between the no warming and
warming treatments. ND, no
degradation; D, degradation; NW,
no warming; W, warming
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from soil through more growth. This indicates K. pygmaea
and C. glaucum had a higher N utilization efficiency under
warming conditions (Dorji et al. 2013).
In the non-degraded grasslands, warming changed the preference of A. tataricus from NO3−-N to NH4+-N, but it did not
change its N preference in degraded grasslands. This does not
support our hypothesis that the uptake of N by plants is more
sensitive to warming under degraded conditions than under
non-degraded conditions. Degradation may modify the effect
of warming on plant N preferences by changing the availability of N and the composition of plant species (Jiang et al.
2016). In a long-term warming experiment, plant species that
increased their uptake of organic N under warming conditions
had a relatively higher biomass (Jiang et al. 2018). The increase in uptake of organic N by A. tataricus under degraded
conditions may reduce competition between A. tataricus and
C. glaucum due to the uptake of more NH4+-N by C. glaucum,
as demonstrated by Kuster et al. (2016) in a greenhouse
experiment.

J Soils Sediments
Fig. 6 Relationship between
excess 13C and excess 15N in roots
of plants labeled with 13C15Nglycine in soils (a) without and (b)
with degradation. Each symbol
represents one sample. The
regression of the 13C excess on the
15
N excess of glycine-treated
plants is shown. The broken lines
show the molar 13C:15N ratios for
the nitrogen sources injected
(glycine 2:1). ND, no degradation;
D, degradation

In addition to competition, warming may indirectly affect the
pattern of N uptake by altering other environmental factors. Plant
N uptake is influenced by soil abiotic factors, such as moisture,
pH, temperature, and the availability of soil N (Xu et al. 2011b;
Britto and Kronzucker 2013). Xu et al. (2011a) found that two
alpine plant species, Gueldenstaedtia diversifolia and Gentiana
straminea, switched from NH4+-N/ NO3−-N uptake when the
levels of available N were low to glycine uptake when the levels
of available N were high. In the current study, degradation decreased the concentrations of NH4+-N and glycine-N, but had no
effect on the concentration of NO3−-N. A similar trend was observed between the concentration of N available in the soil and
the uptake rates of different forms of N by A. tataricus. This may
be a reason for the observed changes in the preference of plants
for different types of N.
The main limitation of this study is maybe underestimating
the N uptake rate of NH4+-N and glycine-N. In this experiment,
although the study period is short, ammonium may be transformed to nitrate and this transformation could underestimate
the value of the N uptake from NH4+-N label. In addition, the
decomposition of glycine to compound serine in plants through
2 mol of glycine are transferred to 1 mol of serine, 1 mol of
ammonium, and 1 mol of CO2. The CO2 is lost to the atmosphere. Hence, the glycine metabolism is probably
underestimating the value of the N uptake from glycine label.

5 Conclusions
Our results showed that warming can alter alpine plant N
uptake rates, but such warming effect is modified by grassland
degradation. Two dominant plant species (K. pygmaea and
A. tataricus) increased their organic N uptake in nondegraded or degraded grasslands. This implies that plants
can maintain their dominance through using more organic N
under future warming conditions. Degradation changes plant
species composition but it does not alter the N uptake pattern
for the same species A. tataricus. This indicates that some
dominant plant species in alpine grasslands have the flexibility
to take up organic and inorganic N while other species can

remain stable under warming or/and degradation conditions.
These findings suggest that the forms and amount of N in soil
and plant species should be taken into account for grassland
restoration under warming and degradation conditions. It will
be beneficial to grassland restoration to reseed those plant
species which can prefer NO3− and free amino acids.
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