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Grazing modifies inorganic and organic nitrogen uptake
by coexisting plant species in alpine grassland
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Abstract To study how grazing affects the uptake of inorgan-
ic and organic N forms, three focal plant species (i.e., the
graminoid species Kobresia pygmaea, which decreases with
grazing, and the forbs Potentilla bifurca and Potentilla
multifida, which increase with grazing) were selected in
ungrazed and grazed plots in an alpine meadow on the
Tibetan Plateau. Three times during the growing season (i.e.,
June, July, and September), these plots were injected with

15N-labeled NO3
−-N, NH4

+-N, or glycine-N, or with only wa-
ter as a control. Two hours after 15N injection, exchangeable
NH4

+-N, glycine-N, and NO3
−-N as well as plant and soil

samples were collected and analyzed for 15N/14N and total N
content. Our result showed that all three plant species took up
glycine-N, but uptake of inorganic N was generally predom-
inant. The graminoid K. pygmaea took up all three N forms
equally in June but preferred NO3

−-N in July (particularly
under grazing) and exchangeable NH4

+-N in September. The
forbs P. bifurca and P. multifida preferentially took up ex-
changeable NH4

+-N in July (particularly under grazing), while
NO3

−-N was the dominant form of N uptake in September.
P. bifurca generally preferred exchangeable NH4

+-N, but pref-
erence shifted toward NO3

−-N under grazing in June.
P. multifida preferred glycine-N in ungrazed plots and shifted
its preference to NO3

−-N under grazing in June. In conclusion,
the three plant species showed niche partitioning for uptake of
three forms of N across the season, which was modified by
grazing. These findings indicate that plant N uptake patterns
should be considered for better understanding the mechanisms
of grazing effects on plant diversity and species coexistence.
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Introduction

Livestock grazing is an important type of management practice
in grasslands, which can profoundly affect soil properties and
plant performance (Klein et al. 2007; Zheng et al. 2011)
(Fig. 1). In low-productive ecosystems, grazing causes de-
creases in soil organic C and N pools (Holst et al. 2007;
Hafner et al. 2012; Chen et al. 2013) and soil N mineralization
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rates (Harrison and Bardgett 2004; Holst et al. 2007; Rui et al.
2011). Moreover, grazing causes shifts in plant community
composition and diversity (Mcnaughton 1986; Olofsson
et al. 2001; Wang et al. 2012; Yan et al. 2013). For alpine
meadow, it has been shown that grazing alters plant-
competitive interactions, decreasing the cover of graminoids
and increasing the cover of forbs (Wang et al. 2012).
However, we are lacking understanding of how differences
in plant N utilization strategies could drive shifts in plant
community composition with shifting N availability under
grazing. Such knowledge is needed to better predict plant
community dynamics and adapt management strategies for
degraded grasslands.

In most natural grasslands, plant productivity is limited
by soil N availability (Vitousek and Howarth 1991;
LeBauer and Treseder 2008). Plant-available N includes
both organic (e.g., peptides and free amino acids) and
inorganic forms (i.e., NH4

+ and NO3
−) (Chapin et al.

1993; Averill and Finzi 2011; Månsson et al. 2014).
Increasing numbers of studies have shown that organic
N can be an important N source for plants (Jones et al.
2005; Näsholm et al. 2009; Warren 2014), especially in
cold terrestrial ecosystems such as arctic and alpine eco-
systems due to slow N mineralization rates (Jones et al.
2004; Schimel and Bennett 2004; Xu et al. 2006).
Individual plant species differ in the forms of N they take
up (i.e., niche partitioning), and N niche partitioning has
been shown to vary with N availability (McKane et al.
2002; Xu et al. 2011b; Gao et al. 2014). Such niche
differentiation of utilized N forms has been suggested as
an important mechanism for species coexistence in terres-
trial ecosystems (McKane et al. 2002; Ashton et al. 2010;
Xu et al. 2011a; Andersen and Turner 2013). Importantly,
in unproductive grasslands, grazing not only decreases soil
N availability but also influences soil N forms via feces
and urine inputs (for example, increase in soil NO3

−-N
concentration) (Rui et al. 2011; Wang et al. 2012).

The soil N resources available to plants in grassland
ecosystems vary with the season (Eviner and Firestone
2007; Harrison et al. 2008; Britto and Kronzucker
2013), because plants acquire more N for growth early
than late in the growing season (Jaeger et al. 1999;
Miller et al. 2009; Xu et al. 2011a; Kuzyakov and Xu
2013). Importantly, seasonal patterns of N uptake may
differ among plant species. For example, Gao et al.
(2014) found that in an alpine wetland, Carex muliensis
and Carex lasiocarpa, two early flowering species,
showed higher N uptake rates early in the season prob-
ably because of high N demands for growth and repro-
duction. By comparison, Potentilla anserina, a rosette
herb, which flowers later in the season, showed an op-
posite pattern. However, it remains unknown whether
plant species in alpine meadows can shift their prefer-
ence for N forms over the growing season, and how
preference patterns vary among coexisting graminoids
and forbs.

On the Tibetan Plateau, approximately 35 % of the total
land area (2.5 million km2) consists of alpine meadow (Piao
et al. 2006; Shen et al. 2011). Livestock grazing is the main
land use type in these alpine meadows, and grazing pres-
sure is expected to substantially increase in the future
(Wiener et al. 2003). Better understanding of the effects of
grazing on inorganic and organic N uptake by dominant plant
species can improve our predictive capability of shifts in spe-
cies composition caused by grazing. Here, we used a short-
term 15N tracer experiment under field conditions to test the
hypotheses that (1) grazing decreases N uptake by graminoids
and increases N uptake by forbs, (2) N utilization strategies are
plant species specific and shift under grazing, and (3)
coexisting plants species shift their preference for N forms
during the growing season, and seasonal patterns of N uptake
shift under grazing because grazing can change soil N avail-
ability during the growing season on the Tibetan Plateau (Xu
et al. 2011b).
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Fig. 1 Schematic diagram
showing effects of grazing on the
plant-soil system, and potential
shifts in soil ecosystem processes
in alpine meadow
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Materials and methods

Study site and target species

The study was conducted in an alpine meadow in Nagqu
county, located in the Nagqu river basin between Tangula
Mountains and Nyainqentanglha Range, Tibet (30° 31′ to
31° 55′ N, 91° 12′ to 93° 02′ E, 4450 m above sea level).
The location is in the eastern part of Qiangtang Plateau, up-
stream the Nujiang river basin. The experimental site has a
typical alpine climate. The average annual temperature is
−2.1 °C, and the average temperature in January is
−14.4 °C. Large diurnal temperature fluctuations are common.
There is no absolute frost-free period. The growing season is
short, usually lasting from June to August. Mean annual pre-
cipitation is 406 mm, most of which falls from July to
September. Mean annual evaporation is 1810 mm, and the
mean relative humidity is 51 % (Shen et al. 2011). The mead-
ow vegetation is dominated by the perennial species Kobresia
pygmaea, Potentilla multifida, and Potentilla bifurca and is
generally known as BKobresia pygmaea meadow.^ There are
on average five or six plant species within a 30 cm×30 cm
area. The alpine meadow soil is rich in organic C.

Experimental design

Our experiment consisted of five blocks of ungrazed and
grazed plots (15 m×15 m) (Supplementary Fig. S1).
Ungrazed plots were enclosed in 2005; a field survey learned
that initial vegetation cover and species composition were
uniform across all ungrazed and grazed plots. Grazed plots
were grazed with sheep all year round, at a density of approx-
imately 0.36 sheep per hectare, i.e., a moderate intensity graz-
ing (Wang et al. 2005). We selected three common plant spe-
cies, i.e., K. pygmaea, a shallow-rooted, early flowering
graminoid (Cyperaceae) (Dorji et al. 2013) (accounting for
more than 70 % of total aboveground biomass at the ungrazed
and for more than 50 % of the total aboveground biomass at
the grazed plots), and the forbs P. multifida and P. bifurca
(accounting for about 2 % of total aboveground biomass at
both the ungrazed and grazed plots), as the focal species of our
study since these three species account for >50 % of the total
aboveground biomass at both the ungrazed and grazed plots.

In June 2013, four subplots of 10 cm×10 cm were
established in each of the ungrazed and grazed plots, totaling
to 40 subplots (Supplementary Fig. S1). All three focal species
were present in each subplot, and the distance between adja-
cent subplots was no less than 2 m. Each of the four subplots
was injected with water (no 15N addition) as the control or
with NH4

+-15N (99.2 %), NO3
−-15N (99.2 %), or

glycine-15N (98.7 %). Glycine has become the model com-
pound in many studies of plant organic N uptake (e.g.,
Schmidt and Stewart 1999; Näsholm et al. 2009). Injections

were applied on 27 June (early growing season), 20 July (fast
growing season), and 5 September (late growing season) in
2013. The concentration of 15N was adjusted to 90 mg N L−1

for each of the three solutions. Each subplot was divided into
nine 3 cm×3 cm squares for a homogeneous distribution of
the N solution, and 1 mL N solution (or water for the control
plots) was injected at 0–8-cm soil depth, equaling to
7.5 μg N g−1 soil (Xu et al. 2011a, b).

Sampling and isotope analysis

Two hours after 15N tracer injection, aboveground plant parts
for each of the three species per plot were collected using
scissors. Bulk soil samples were collected to a depth of 0–
10 cm. The soil samples were immediately transported to the
laboratory where it was stored at 4 °C until further processing.
Fresh soil samples were analyzed for exchangeable NH4

+-N
and NO3

−-N concentration, and microbial biomass N.
Subsamples were air-dried and used for measurements of soil
organic carbon (SOC), total N, glycine concentration, pH, and
bulk density. Soil glycine concentrations were determined by
high-performance liquid chromatography (Waters 515) on the
same extracts (Nasholm et al. 1987; Xu et al. 2011a). Soil pH
was measured from a soil/water ratio of 1:2.5. SOC was ana-
lyzed using a H2SO4-K2Cr2O7 oxidation method (Nelson and
Sommers 1982). Soil total N was analyzed using the Kjeldahl
digestion method. Soil exchangeable NH4

+-N and NO3
−-N

was extracted with 2 M KCl. Soil microbial biomass N was
measured as the difference between extractable N concentra-
tions in chloroform-fumigated and non-fumigated samples
using a conversion factor (kEN) of 0.45 (Lovell et al. 1995).
All results were expressed on an oven-dried soil basis.

Plant roots were carefully removed from soils and rinsed
first with tap water to clean off attached soil and then im-
mersed in 0.5 mmol L−1 CaCl2 solutions for 30min and rinsed
with distilled water to remove tracers absorbed to the root
surface. Shoots and roots were then dried at 70 °C for 48 h
and weighed for biomass. Then, shoot and root material was
ground to a fine powder using a ball mill (MM2, Fa. Retsch,
Haan, Germany) and into tin capsules for analysis of total N
and 15N/14N ratios by continuous-flow gas isotope ratio mass
spectrometry (MAT253, Finnigan MAT, Bremen, Germany),
coupled by a ConFlo III device (Finnigan MAT, Bremen,
Germany) to an elemental analyzer (EA 1112, CE
Instruments, Milan, Italy).

Calculations

For each plant species, APE (the atom% excess) was calculat-
ed as follows:

APE ¼15N added−15N control ð1Þ
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where the 15Nadded is the
15N added to plots and 15Ncontrol is the

mean 15N of the respective control plots.
The N uptake rate (μg N g−1 dry weight root h−1), as a

representation of plant N acquisition ability (McKane et al.
2002), was calculated as follows:

N uptake rate ¼ plant N content μg N g−1dry weight soil
� �

� APE � total plant biomass g m−2� �

=plant rootmass gm−2� �
=time hð Þ

= munlabelled=mlabelledð Þ

ð2Þ

wheremlabelled is the total mass (g m−2) of 15N for each N form
injected per plot, and munlabelled is the mass of the correspond-
ing N form already present in soil (Xu et al. 2011b). Plant
relative biomass (%) was calculated as plant species biomass
divided by the total plant community biomass. Plant N stock
was calculated as plant biomass (g m−2) multiplied by plant N
concentration (%). The percentage of different N forms was
calculated by dividing the uptake of individual forms of N
(NH4

+-N, NO3
−-N, or glycine-N) by total plant N uptake

(Xu et al. 2011a).

Data analysis

Plant and soil properties were analyzed using two-way
analysis of variance (ANOVA) with grazing (ungrazed,
grazed) and plant species (K. pygmaea, P. bifurca,
P. multifida) or grazing and season (June, July,
September) as fixed factors. When significant grazing ef-
fects were observed, independent t tests were used to test
for differences between ungrazed and grazed treatments.
Treatment effects on N uptake rate were tested using lin-
ear mixed models with plant species (K. pygmaea,
P. bifurca, P. multifida), N form (NH4

+-N, NO3
−-N, and

glycine-N), grazing (ungrazed, grazed) as fixed factors,
and season (June, July, and September) as repeated mea-
sure (Jiang et al. 2011; Yang et al. 2011). Block was
included as random factor. Effects of block were not sig-
nificant and, hence, were not further considered. Duncan’s
new multiple range test (MRT) was used for post hoc
comparisons. One-way ANOVA followed by Duncan’s
MRT was used to examine the differences in biomass
and root-to-shoot ratios among the three focal species.
To determine those factors that best explained variation
in plant biomass, we used stepwise multiple regressions,
including mean SOC, soil total N, soil exchangeable
NH4

+-N, NO3
−-N, glycine concentration, soil moisture,

and soil pH. For ANOVAs, normality was checked with
K-S tests, and the assumptions of homogeneity of vari-
ances were checked using Levene’s test. If the assump-
tions were not met, data were log-transformed prior to
analysis. The analyses were conducted using SPSS 18.0

(SPSS Inc., Chicago, IL, USA). All significances were
considered at P<0.05 level.

Results

The effects of grazing and season on plant biomass and N
stock

In contrast to ungrazing, grazing significantly affected
plant species biomass and their relative biomass in the
community, plant root-to-shoot ratio, and plant N stock.
However, effects varied with season and differed among
plant species (Supplementary Table S1). Grazing signif-
icantly decreased K. pygmaea biomass (Fig. 2a), its rel-
ative biomass in July and September (Fig. 2b), and its
N stock (Fig. 2c), whereas grazing increased the root-to-
shoot ratio of K. pygmaea (Fig. 2d). Grazing also sig-
nificantly decreased P. multifida biomass (Fig. 2a) and
N stock (Fig. 2c) but increased its relative biomass in
September (Fig. 2b) and its root-to-shoot ratio (Fig. 2d).
Grazing did not affect P. bifurca biomass (Fig. 2a) but
increased its relative biomass in June and September
(Fig. 2b), N stock in July (Fig. 2c), and its root-to-
shoot ratio in June and September (Fig. 2d).

The effects of grazing and season on soil properties

In contrast to ungrazing, grazing significantly increased soil
bulk density (Fig. 3b) but decreased SOC (Fig. 3c), soil total N
(Fig. 3d), soil microbial biomass N (Fig. 3f), NO3

−-N (Fig. 3h),
glycine (Fig. 3i) concentration, and soil C/N ratio (Fig. 3e).
Grazing did not affect soil pH (Fig. 3a). Grazing significantly
decreased soil exchangeable NH4

+-N concentration, but only
in June (Fig. 3g). SOC, soil total N, and soil exchangeable
NH4

+-N were higher in July and September than in June,
while glycine concentration was higher in September than in
June (Fig. 3i).

The effect of grazing on plant uptake rates of different N
forms

Total N uptake rates (including exchangeable NH4
+-N,

NO3
−-N, and glycine-N) differed among plant species (F=

9.83, P<0.001) and seasons (F=21.89, P<0.001). Uptake
rates were lowest for K. pygmaea: Values were up to three
times higher in P. bifurca and P. multifida (Fig. 4a). Total N
uptake rates were lowest in June and highest in September
(Fig. 4b). Further, there were significant two-way interactions
of species×seasons and season×grazing (P<0.001). In June,
the total N uptake rate was almost three times higher for
K. pygmaea and P. multifida than for P. bifurca, while values
were higher for P. multifida and P. bifurca than forK. pygmaea
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in July and September (Fig. 4c). In contrast to ungrazing,
grazing decreased total N uptake, but only in September
(Fig. 4d).

Uptake rates of different N forms were significantly
affected by plant species, season, and N form (Fig. 4e–
g), and the interactions between grazing and/or plant spe-
cies and/or season and/or N form (Fig. 5). Generally, N
uptake rates were the lowest in K. pygmaea (Fig. 4e),
highest in July (Fig. 4f), and higher for exchangeable
NH4

+-N and NO3
−-N than for glycine (Fig. 4g). For

K. pygmaea, in contrast to ungrazing, grazing significantly
decreased exchangeable NH4

+-N, NO3
−-N, and glycine-N

uptake rates in September (Fig. 5g), while for P. bifurca,
grazing increased NO3

−-N uptake rates in June and July
and decreased exchangeable NH4

+-N uptake rates in July
(Fig. 5e). For P. multifida, grazing significantly increased
exchangeable NH4

+-N and NO3
−-N uptake rates in June

but decreased exchangeable NH4
+-N and NO3

−-N uptake

rates in September and decreased glycine-N uptake rates
in June, July, and September (Fig. 5c, f, i).

Discussion

Grazing significantly decreased N uptake by the graminoid
(K. pygmaea) but did not affect N uptake by the forbs
(P. bifurca and P. multifidi). Although the number of species
we used was small, this provides some support for our first
hypothesis that grazing decreases N uptake by graminoids and
increases N uptake by forbs. A possible explanation is that
sheep prefer K. pygmaea relative to the two forbs. Grazing
decreased plant biomass of K. pygmaea and thus its N uptake
which can be ascribed to selective grazing (Dorji et al. 2013).
Additionally, our findings indicated that significant season×
species×N form×grazing interactions can offset the effects of
grazing on N uptake by forbs, e.g., grazing demonstrated

Fig 2 Effects of grazing and season on plant species biomass (g m−2),
relative biomass (%), plant N stock (g m−2), and plant root/shoot ratio in
alpine meadow on the Qinghai-Tibetan plateau. Values are means±SE

(n=5). The P values in the panels were derived from two-way ANOVA.
Letters above bars indicate significant difference between ungrazed and
grazed plots
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opposite effects for NO3
− and NH4

+ uptake by P. bifurca
(Fig. 5c, e and Supplementary Table S2).

We observed that effects of grazing on plant N uptake may
depend on plant species and N form. This supports our second
hypothesis. K. pygmaea showed the lowest plant N uptake
rate, which is consistent with its relatively slow growth rate
(Dorji et al. 2013). The faster growing species P. bifurca and
P. multifida showed higher plant N uptake rates. We do not
know the underlyingmechanisms, but this difference might be
linked to trait differences among these plant species. P. bifurca
and P. multifida had lower root biomass and a greater shoot-to-
root ratio compared to K. pygmaea (Fig. 2d). It has been
shown that plants with higher root biomass can increase root
exudation and favor rhizosphere microorganisms with faster
turnover and shorter generation times, leading to decreased
plant N uptake rates (Blagodatskaya et al. 2014). Moreover,
plant with different N use efficiencies (NUEs) can affect ac-
tivity, composition, and biomass of microbial communities of
rhizosphere soils. These changes can also have effects on plant
N uptake (Pathan et al. 2015a; Pathan et al. 2015b). Taken

together, this indicates overall higher N acquisition and NUE
for P. bifurca and P. multifida than for K. pygmaea.

Our results showed that inorganic N generally was the pre-
vailing N form utilized by plants in the K. pygmaea meadow
regardless of grazing but, importantly, also that plant preference
for different N forms was strongly species specific
(Supplementary Fig.S3b). For the slow-growing species
K. pygmaea, N uptake rates were similar for the three N forms.
In contrast, P. multifida, a faster-growing species with lower
biomass accumulation, showed a preference for exchangeable
NH4

+-N and NO3
−-N over glycine-N. This suggests that in our

alpine meadow, plant species with high biomass and low growth
rate may use more organic N than low-productive and fast-
growing species. This was supported by the finding that
Kobresia humilis, a slow-growing species in K. humilis
meadows, showed a greater capacity to take up organic N than
inorganic N (Xu et al. 2006). The patterns observed in our study
are, however, somewhat different from the patterns reported by
McKane et al. (2002) who found that in an arctic tundra ecosys-
tem, the most dominant plant species preferentially utilized the
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Fig. 4 The main effects of (a)
species and (b) season, and the
interactive effects of (c) species×
season, (d) season×grazing on
total N uptake rate, and the main
effects of (e) species, (f) season,
(g) N form, and (h) grazing on
mean N uptake rates in alpine
meadow on the Qinghai-Tibetan
Plateau. Values are means±SE
(n=40 for (a), (b), (e)–(g); n=5
for (c); n=20 for (d); n=60 for
(h)). Bars sharing the same letter
are not significantly different at
P<0.05

Fig. 5 The effects of plant species, N form, season, and grazing on 15N uptake rate of three dominant plant species in ungrazed and grazed plots in alpine
meadow on the Qinghai-Tibetan Plateau. Values are means±SE (n=5)
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most dominant N form, while less dominant species used less
abundant N forms. In our ecosystem, plant growth is strongly
limited by available N. Under these conditions, slow-growing,
dominant species with high biomass may invest to take up dif-
ferent N forms at more or less constant rates, while the faster-
growing subdominant species may be more plastic and take up
the N form most easily available. Although we did not examine
the intrinsic mechanism responsible for N uptake by plants in
this study, the observed patterns could be due to genes encoding
proteins including those involved in N transport (Nacry et al.
2013). In this experiment, we did not measure glycine mineral-
ization rates for the 2-h period between injection and sampling.
However, under natural conditions, the half-life time of
glycine-15N is more than 12 h (Unteregelsbacher et al. 2012).
As such, we consider the use of glycine-15N appropriate for
testing the uptake of organic N by plants. We acknowledge that
dual-labeled glycine (13C, 15N) could have provided additional
evidence (Streeter et al. 2000; Vinolas et al. 2001; McFarland
et al. 2010), but the use of dual-labeled glycine was beyond the
budget of our study. Further studies are needed to establish the
mechanisms of available N use in alpine meadow to fully assess
its significance for plant nutrition in these ecosystems.

Although exchangeable NH4
+-N was the dominant N form

during the growing season, grazing increased NO3
−-N uptake

by P. bifurca in June and July and decreased exchangeable
NH4

+-N uptake in July. This could be related to the concentra-
tions of NO3

−-N and exchangeable NH4
+-N in the soil solution.

Grazing increased NO3
−-N concentrations in June and July,

which resulted in high NO3
−-N uptake by P. bifurca, probably

because NO3
−-N uptake is induced by nitrate availability

(Kudoyarova et al. 2015). Higher NH4
+ concentrations in

July resulted in an increase in P. bifurca N stock under
ungrazed conditions, indicating that this species takes up the
N form most easily available. The positive correlation between
soil exchangeable NH4

+-N concentration and N uptake by
P. bifurca (Supplementary Table S3) further supports this con-
clusion. This indicates that exchangeable NH4

+-N plays an
important role in N uptake by P. bifurca. Grazing significantly
decreased biomass of P. multifida and glycine-N uptake across
the season, but it did not affect NO3

− and NH4
+ uptake (Fig. 4).

Grazing increased NO3
− and NH4

+ uptake by P. multifida in
June, had no effect in July, and decreased NH4

+ uptake in
September. Such divergent patterns of N uptake indicate that
P. multifida is opportunistic and may have difficulties to persist
in the plant community when grazing pressure increases (Li
et al. 2015). Nitrogen uptake by K. pygmaeawas well correlat-
ed with glycine (Supplementary Table S3), indicating that this
species relies on the uptake of low molecular weight organic N
compounds (Xu et al. 2004). However, grazing decreased
glycine-N uptake by K. pygmaea, especially in September.
This is supported by previous finding that grazing can signifi-
cantly decrease the concentrations of glycine-N in the soil
(Fig. 3i) and hence its uptake by this species (Xu et al. 2011a).

We found support for our third hypothesis, i.e., coexisting
plants species shift their preference for N forms during the grow-
ing season, and seasonal patterns of N uptake shift under grazing.
This provides partial evidence for resource partitioning across
the growing season. For example, the most productive species
K. pygmaea preferred NO3

−-N in July and exchangeable NH4
+-

N in September, while the lower-productive species P. bifurca
and P. multifida preferred NO3

−-N and glycine-N in June, ex-
changeable NH4

+-N in July, and NO3
−-N uptake in September.

This suggests that lower-productive species in the plant commu-
nity might contribute to species coexistence in N-limited ecosys-
tems through modulating N acquisition in time and N form
(McKane et al. 2002; Miller and Bowman 2003; Harrison
et al. 2008; Kuzyakov and Xu 2013).

The effects of grazing on niche partitioning depended on
plant species and season. P. bifurca and P. multifida showed
similar patterns switching from exchangeable NH4

+-N/gly-
cine-N uptake in ungrazed plots to NO3

−-N uptake in grazed
plots in June and increased exchangeable NH4

+-N utility in
grazed plots in July (Fig. 5). However, grazing did not affect
the N uptake patterns of K. pygmaea even though grazing
significantly decreased its biomass and relatively abundance

Fig. 6 Contribution of ammonium, nitrate, and glycine to total N uptake
(as %) for three dominant plant species in ungrazed and grazed plots in
alpine meadow on the Tibetan Plateau in June, July, and September (n=
5). Within seasons, species, and grazing treatments, different letters
indicate significant differences (P<0.05) among the three N forms.
Uppercase letters show the difference among the three N forms in
ungrazed plots and lowercase letters show the difference among the
three N forms in grazed plots. Asterisk indicates significant differences
in contribution between ungrazed and grazed plots
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in the plant community (Fig. 6). Therefore, our results suggest
that different plant species could develop different N uptake
patterns under ungrazed and grazed conditions which could
facilitate their coexisting in alpine meadows. A possible ex-
planation is that P. bifurca and P. multifida predominantly
acquired exchangeable NH4

+-N and glycine-N in June, i.e.,
the least preferred N forms, to reduce competition with the
dominant plant species K. pygmaea which is leafing and
flowering earlier (Dorji et al. 2013). When competition was
alleviated under grazing—as we observed in July—P. bifurca
and P. multifida shifted toward using the more favorable N
forms. Several lines of evidence indicate that some alpine
meadow species preferentially utilize NO3

−-N (Miller et al.
2007; Xu et al. 2004, 2011a,b). Moreover, field observations
have shown that P. bifurca gradually becomes dominant under
conditions of overgrazing (Wang et al. 2006), which suggests
that plant species preferring NO3

−-N may increase in domi-
nance when grazing pressure increases.

Inconsistent with previous studies (Jaeger et al. 1999;
Bardgett et al. 2003), our results showed that higher plant N
uptake was observed in the middle of the growing season
(July) rather than early in the growing season (June, Fig. 4f).
The meadows in our study are strongly influenced by the
alpine climate with cold winters, and short, cool summers;
as such, temperature during the rainy season is a main driver
of plant production (Zhou 2001). Higher temperature and pre-
cipitation in July result in higher aboveground biomass pro-
duction. This increases N requirements for alpine plants and
thus plant N uptake. Additionally, plants may compete with
soil microorganisms more strongly for N in July than in June
because higher plant root biomass in July could make the
plants strong competitors for N in alpine meadows (Xu et al.
2011b). Future studies should focus more on the competition
between plants and soil microorganisms for N to further elu-
cidate the role of soil microorganisms in modulating soil N
partitioning. Moreover, a significant interaction of season×
species×N form×grazing was found. This indicated that the
season pattern of plant N uptake was modulated by plant spe-
cies, N forms, and grazing and was limited by the interactions.

Conclusion

Our results revealed that grazing significantly decreased the
relative biomass of the graminoid K. pygmaea and increased
the relative biomass of the forbs P. bifurca and P. multifida and
decreased soil N availability. Grazing significantly decreased
total N uptake by the graminoid but did not affect N uptake by
the forbs. Further, our results showed that alpine plants can
take up substantial amounts of organic N, although inorganic
N was the main N form utilized. The three plant species in our
study showed partial niche partitioning for uptake of inorganic
and organic N forms across the season. Moreover, grazing
modified the seasonal plant partitioning for uptake of

inorganic and organic N. As such, plant partitioning for N
forms was affected by plant species identity, season, grazing,
and their interactions. Taken together, our findings indicate
that plant uptake patterns of organic and inorganic N should
be considered for understanding the patterns of plant diversity
and coexistence, and how those patterns might shift under
changing environmental conditions.
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