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Abstract
Background and aims Nitrogen (N) niche differentia-
tions play an important role in community structure and
biogeochemical cycling in terrestrial ecosystems.
However, very few studies have examined how plant
N strategies specialize via trade-offs between N acqui-
sition and use abilities under natural field conditions.
Methods A field experiment was conducted to investi-
gate N strategies by coexisting grass species using the in-
situ stable isotope labeling technique. We injected 15N–
labeled nitrate, 15N–labeled ammonium, and 13C-15N-
labeled glycine solutions in early and late vegetative
growing seasons. Shoot δ15N and N concentration were

measured to determine the N uptake and use abilities of 4
common species.
Results All plant species preferred to take up nitrate (the
dominant N form) over ammonium and glycine, and N-
acquisition capacity varied with temporal variation of
soil N. However, the dominant species was more N-
conservative than less-dominant species and had lower
overall N uptake rates (shoot 15N excess 48 hours after
injection) and higher N use efficiencies (aboveground
biomass : N ratio).
Conclusions The different N strategies may reflect
mixed effects of environmental filtering and interspecif-
ic competition and have significant implications for
species coexistence as well as for ecosystem functions
such as nutrient cycling.

Keywords Niche differentiation . Nitrogen form . Plant
phenology . Species coexistence . Stable isotope

Introduction

Nitrogen (N) is the key limiting nutrient for plant growth
and maintenance in temperate grasslands (Vitousek and
Howarth 1991). However, an increasing number of
studies suggest that plant species may develop diverse
N acquisition and use strategies to meet N demand
depending on environmental conditions such as N avail-
ability (Reich 2014; Wooliver et al. 2016). Plant N
uptake, use, and loss are key controls over the cycling
of N in grassland ecosystems (Schimel and Bennett
2004), and divergent plant N strategies may promote
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species coexistence within local communities by
avoiding competitive exclusion (Chesson 2000). A bet-
ter understanding of plant N strategies is critical for
predicting mechanisms underlying species coexistence
and managing ecosystem nutrient cycling.

At the global scale, plants can be spread along a
continuum with exploitative and conservative strategies
as end points based on trade-offs between morphologi-
cal traits related to plant N acquisition and use (Díaz
et al. 2004; Wright et al. 2004; Reich 2014). N-
exploitative species are characterized by traits linked to
fast growth ability, high N capture, and low N use
efficiency (high leaf N content and specific leaf area
but low leaf dry matter content), whereas N-
conservative species have the opposite trait suites
(Maire et al. 2009; Wooliver et al. 2016). The relative
abundance of N-exploitative versus conservative plants
may vary primarily with soil nutrient availability be-
cause of environmental filtering; N-exploitative species
dominate N-rich environments, and N-conservative spe-
cies dominate N-poor environments (Maire et al. 2012;
Lhotsky et al. 2016). In recent years, an increasing
number of studies have been conducted on morpholog-
ical and physiological traits associated with N strategies
of individual species under variable environments
(Chen et al. 2005; Bermúdez and Retuerto 2014).
However, to the best of our knowledge, research simul-
taneously investigating plant N acquisition and use abil-
ities under natural field conditions is still lacking.

Within a given habitat, coexisting plant species may
partition soil N on the basis of chemical N form because
soil N exists in a wide variety of chemical forms (Jones
et al. 2005) and plants can take up intact molecules of
inorganic N and dissolved organic N (Näsholm et al.
2009). Pot experiments with temperate grassland spe-
cies have revealed interspecific differences in preferen-
tial use of chemical N forms, with slow-growing species
capturing more organic N than fast-growing species
(Weigelt et al. 2005). Nonetheless, recent advances in-
dicate that both fast- and slow-growing grassland spe-
cies may take up the most N in the inorganic form (i.e.,
nitrate and ammonium) under natural field conditions,
driven by high N mineralization and strong plant com-
petition for inorganic N (Schimel and Bennett 2004).
Indeed, most studies do not explicitly distinguish nitrate
from ammonium (Bardgett et al. 2003; Harrison et al.
2007), and a limited number of experiments have indi-
cated inconsistent patterns of plant preference for nitrate
versus ammonium depending on grassland productivity

or N availability (Kahmen et al. 2008; Wilkinson et al.
2015). As a result of this uncertainty, further work needs
to test in situ how coexisting plant species differ in the
preferential capture of nitrate, ammonium and organic
N.

In addition to differing in the uptake of chemical N
forms, plants may display temporal variability in their
N-uptake capacity (Fargione and Tilman 2005; Gao
et al. 2014). The capacity of plants to take up soil N
differs depending on the phenological stages of plant
growth (Bilbrough and Caldwell 1997). Greater plant N
capture is expected to occur in early vegetative growth
stage when plant growth rate and N demand are higher
than in late stage (James and Richards 2005). This
temporal pattern of plant N uptake may be reinforced
by seasonal variations of soil N availability, given that
large soil nutrient pulses commonly occur in early
spring because of rising soil microbial activities
(James and Richards 2005; Schimel et al. 2007). In
theory, coexisting plant species with different N strate-
gies may occupy different temporal N niches if they
display asynchronous phenologies (McKane et al.
2002; Fargione and Tilman 2005; Kahmen et al.
2006). In practice, however, it is largely unknown
whether coexisting native species have different tempo-
ral N patterns under natural field conditions.

In this study, we investigated temporal patterns of
nitrogen acquisition and use by coexisting plant species
in a temperate grassland using an in-situ stable isotope
labelling technique. The temperate grassland was
strongly N-limited with inorganic N dominating the soil
N pool, and grass species accounted for more than 90%
of the total aboveground biomass (Zhu 2011). Previous
studies in this site have suggested that the dominant
species Stipa grandis showed more resource-
conservative strategies - such as lower growth rate,
lower specific leaf area, higher leaf dry matter content
and lower leaf N content - than less-dominant grass
species (Zhu 2011). We injected 15N–labeled nitrate
and ammonium, and 13C-15 N-labeled glycine solutions
in early and late vegetative growing seasons. Glycine
was used to measure amino acid N uptake because it is
one of the most abundant amino acids in the soils of
temperate grasslands (Streeter et al. 2000; Jones et al.
2005) and previous studies have also suggested that
grassland species show a greater uptake capacity for
glycine compared with the more complex amino acids
(Weigelt et al. 2005; Harrison et al. 2007). We tested the
following hypotheses: (1) the dominant species has
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lower total N uptake, but higher N use efficiency, than
less-dominant species; (2) coexisting plant species are
differentiated by preferentially taking up different forms
of N; (3) temporal peaks of N uptake vary among
coexisting plant species.

Materials and methods

Study site

The study was conducted in a low-productivity grass-
land located at the InnerMongolia Grassland Ecosystem
Research Station of the Chinese Academy of Sciences,
Inner Mongolia, China (43°32′ N, 116°40′ E, 1220 m
a.s.l.). The site is temperate with a mean annual precip-
itation of 346 mm and a mean annual temperature of
0.3 °C. The vegetation cover and soil conditions are
spatially uniform (Xu et al. 2010). The plant community
is dominated by the C3 grass Stipa grandis, which
typically makes up more than 65% of the total cover,
with coexisting C3 grasses such as Leymus chinensis,
Agropyron cristatum, and Achnatherum sibiricum each
making up 5% - 20% of the total cover. The four species
have similar phenology, and the growing season begins
in late April and persists until late September. The soil
type is Calcic Chemozems (28.2% C, 2.6% N, a pHH2O

of 8.4) according to IUSSWorking GroupWRB (2015).
The soil texture was analyzed by Schneider et al. (2008),
with 48% - 50% sands, 32% - 36% silt and 16% - 17%
clay. In early April 2009 we enclosed a 100 × 100 m
land with fence in the natural grassland and mowed it
once every year. The area was divided into five blocks
(24 × 20 m), with each block consisting of 30 plots
(4 × 4 m).

Experimental design

Three chemical N form treatments were established
both at the end of May and of July (corresponding to
the early and late vegetative growth stages at the site,
respectively). The three chemical N form treatments
were: (1) labeled potassium nitrate and unlabeled am-
monium chloride and glycine (15KNO3, NH4Cl and
C2H5NO2); (2) labeled ammonium chloride and unla-
beled potassium nitrate and glycine (15NH4Cl, KNO3

and C2H5NO2); and (3) dual-labeled glycine, unla-
beled potassium nitrate and ammonium chloride
(13C2H5

15NO2, KNO3 and NH4Cl). Labeled potassium

nitrate, ammonium chloride and glycine (from
Cambridge Isotope Laboratories, Inc. Andover, USA)
were ≥98% enriched in 15N or 13C. Additionally, an
unlabeled control treatment (KNO3, NH4Cl and
C2H5NO2) was established to assess 15N and 13C
natural abundances in plant tissue. Each of the eight
treatment combinations was replicated five times,
resulting in a total of 40 quadrats of 35 cm × 35 cm.
In each block we randomly chose eight plots and
assigned them to experimental treatments. In each plot
one quadrat including the four species was selected as
one experimental replicate. Each quadrat was at least
2 m apart from other quadrats.

N application was in liquid form. Each solution
contained equal contents of individual N forms and the
total N addition was equal for all quadrats (i.e., 0.22 g
m−2). N solutions (100 ml per quadrat) were uniformly
injected into the top 15 cm of the soil of the quadrats at
25 injection points along a grid (Streeter et al. 2000). For
each injection point, a syringe with a 15 cm-long and
side-port needle was inserted into the soil and solutions
were injected as the needles were slowly withdrawn. All
quadrats for May or July injections were labelled at the
same day. Plant communities were harvested after 48 h.
The incubation of 48 h was used in accordance with
previous findings of maximal label uptake at this time
(Streeter et al. 2000; Weigelt et al. 2005).

Samplings and analyses

At each harvest, shoots of all quadrats were cut and
sorted by species. Shoot biomass was dried (70 °C,
48 h) prior to weighing to determine dry mass. For the
four common species (Stipa grandis, Leymus chinensis,
Agropyron cristatum, and Achnatherum sibiricum), the
dried shoot material of each species and each quadrat
was ground and analyzed for δ15N and N concentration
(for all quadrats) and δ13C and C concentration (for
labeled-glycine and control quadrats) by a continuous
flow isotope ratio mass spectrometry coupled to an
elemental analyzer system (Flash EA1112HT, Thermo
Finnigan, USA). We were aware that estimation of plant
N uptake may be not accurate without root 15N mea-
surements. However, root systems cannot be clearly
sorted out to individual species in field conditions, and
there are high risks of losing a large amount of absorp-
tive roots. Values of δ15N (δ13C) were converted to 15N
(13C) atom-percentages using the following equations:
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Rsample ¼ δ15N
1000

þ 1

� �
� Rstd

15N
N

¼ Rsample

1þ Rsample

where Rsample is the ratio of 15N to 14N and Rstd is the
natural abundance standard for N. Standards for 15N: 14N
and 13C: 12C ratios were atmosphereN2 (Rstd = 0.003676)
and Pee Dee belemnite (R

std
= 0.011237), respectively.

Shoot 15N concentrations (μmol g−1 dry mass) were
calculated as follows:

15N content ¼ N content �
15N
N

where Ncontent refers to total N concentration in shoots
(μmol g−1 dry mass). We did similar calculations for
shoot 13C concentrations (μmol g−1 dry mass). To assess
plant uptake for labeled N forms, shoot 15N and 13C
excesses (μmol g−1 dry mass) were calculated using
mean values of 15N and 13C concentrations of the unla-
beled control plants as references (Näsholm et al. 1998).
Total N concentrations in shoots were used to assess the
ratio of aboveground biomass to N content (g dry mass
g−1 N). Biomass: N ratios can be used as an estimate of
nitrogen use efficiency (Fargione and Tilman 2006),
although the mean residence time of N in plants may
also affect biomass production per unit N (Berendse and
Aerts 1987).

Soil samplings for measurements of inorganic N and
free amino acids were carried out at roughly one-month
intervals from the end of April until the start of August.
For each soil sampling, six soil cores (5 cm diameter,
15 cm deep) were randomly taken outside experimental
quadrats and returned to the laboratory. All soil samples
were sieved at 5 mm and maintained at 5 °C prior to
analysis. Soil inorganic N (nitrate and ammonium) was
extracted by shaking 5 g of freshly sieved soil with
25 ml of 2 M KCl on a reciprocating shaker for 1 h.
The KCl extracts were filtered through Whatman No 42
papers and analyzed by colorimetric measurements
and auto-analyzer procedures (Bran & Luebbe
AutoAnalyser 3, Germany). Soil free amino acids
(glycine and other 19 amino acids, see Table S1) were
measured by shaking 5 g subsamples of the sieved soil
in 37.5 ml double-deionized water on a reciprocating
shaker for 10 mins, followed by centrifugation
(8000 rpm) for 4 min. The water extracts were filtered

through Whatman GF/A papers and analyzed using
liquid chromatography-mass spectrometry (LC-MS/
MS) procedures (UltiMate 3000, UltiMate, USA; 3200
Q TRAP, AB, USA). An additional 5 g of sieved soil
samples were oven-dried (105 °C, 24 h) to determine the
soil water content.

Statistical analysis

To test the temporal patterns of soil N, data (nitrate,
ammonium, glycine and total free amino acid) were
analyzed using one-way analysis of variance
(ANOVA) with the sampling date as the factor. Plant
species collected from the same quadrat were not truly
independent. To avoid pseudoreplication, we analyzed
species-level aboveground biomass and biomass: N ra-
tios using a mixed model procedure for partly nested
two-way ANOVA; season was the fixed whole-plot
factor, species was the fixed sub-plot factor and quadrat
was the random factor (Quinn and Keough 2002). Shoot
15N excess data were analyzed using a mixed model
procedure for partly nested three-way ANOVAwith the
chemical N form as an additional whole-plot factor.
Differences between treatments were determined using
Tukey’s honest significant difference post hoc tests.
Regression analyses for 15N and 13C excess in shoot
biomass treated by dual-labeled glycine were conducted
to assess the uptake of intact glycine for each season,
and the relationships between 15N and 13C excess were
used to calculate the fractions of intact amino acid
uptake (Näsholm et al. 1998). All analyses were per-
formed using R and mixed model procedures were
conducted using the nlme package in R (R
Development Core Team 2013). Data were log- or
square-root-transformed to meet assumptions of vari-
ance homogeneity and residual normality if necessary.

Results

Temporal patterns of soil N

Soil nitrate concentration showed a pronounced tempo-
ral variation; the lowest value of 0.74 ± 0.30 (standard
deviation, SD) μg N g−1 dry soil was recorded at the end
of May (corresponding to the first isotope labeling) and
the highest value of 10.72 ± 0.86 (SD) μg N g−1 dry soil
was recorded at the end of April (F3,20 = 104.90,
P < 0.001; Fig. 1). Soil ammonium concentration was
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lower compared to soil nitrate over the experimental
period (Fig. 1). Unlike nitrate, we observed higher soil
ammonium concentration at the end of July (corre-
sponding to the date of second labeling) than at the
previous three sampling dates (F3,20 = 6.55, P = 0.003;
Fig. 1). Soil glycine concentration was very low during
the experimental period (0.18 ± 0.34 (SD) μg N g−1 dry
soil) and did not vary with time (F3,20 = 1.15, P = 0.352;
Fig. 1). However, total free amino acids accounted for a
large proportion of the soil N pool (3.03 ± 3.49 (SD) μg
N g−1 dry soil; Table S1), and there was no temporal
pattern during the experimental period (F3,20 = 1.65,
P = 0.211).

Aboveground biomass and biomass: N ratio

Aboveground biomass had greater values in July than in
May regardless of plant species (Table 1; Fig. 2a). Plant
species varied significantly in their aboveground bio-
mass (Table 1). In general, Stipa grandis dominated the
plant communities across the seasons and contributed
53.2% of the total biomass, followed by Leymus
chinensis, which accounted for 21.5% of the total bio-
mass (Fig. 2a). The least dominant species were

Agropyron cristatum and Achnatherum sibiricum, ac-
counting for 8.8% and 6.5% of the total biomass, re-
spectively (Fig. 2a). Plant biomass showed no signifi-
cant season × species interaction (Table 1; Fig. 1a).

As with the aboveground biomass, the biomass: N
ratio varied with both season and species (Table 1). In
general, the biomass: N ratio was greater for the second
harvest compared with the first harvest, and Stipa
grandis had a greater biomass: N ratio than the less-
dominant species (Fig. 2b). However, interspecific dif-
ferences varied across season (significant season × spe-
cies interaction; Table 1). Plant species showed similar
values of biomass: N ratio in May, whereas in July the
increase in biomass: N ratio was more pronounced in
Stipa grandis than in the other species (Fig. 2b).

Uptake of chemical N forms by plants

All plant species tested in this study were capable of
taking up nitrate, ammonium and glycine-derived N, as
proved by the shoot 15N excess of all plant species 48 h
after 15N label injection (Fig. 3). In general, plant spe-
cies showed significant interspecific differences in N
uptake (Table 2), with greater shoot 15N excess in less
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Table 1 Effects of season and species on aboveground biomass and biomass: N ratio

Effect df Aboveground biomass Aboveground biomass: N ratio

F P F P

Season 1, 38 35.80 <0.001 121.49 <0.001

Species 3, 114 62.67 <0.001 24.08 <0.001

Season × Species 3, 114 2.22 0.090 4.15 0.008

F- and P-values derived from ANOVA are shown with df
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dominant species than inmore dominant species (Figs. 3
and 4). However, the interspecific differences varied
across seasons (significant season × species interaction;
Table 2). Achnatherum sibiricum had a significantly
greater shoot 15N excess than other common species
(Stipa grandis, Leymus chinensis and Agropyron
cristatum) at the end of May, whereas no significant
differences in shoot 15N excess among plant species
were found at the end of July (Fig. 4). Shoot 15N excess
responded significantly to chemical N form (Table 2). In
general, all plant species preferred to capture nitrate N
rather than ammonium and glycine N, and the ratio
between the three N fractions was approximately 5: 1:
1 (Fig. 3). Shoot 15N excess showed no response to a
significant N form × species or season × N form ×
species interaction (Table 2). Moreover, significant re-
lationships between shoot 15N and 13C excess in dual-
labelled glycine quadrats were not detected for any
species and season combination (Fig. S1).
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Table 2 Effects of season, chemical N form and species on shoot
15N excess

Effect Df F P

Season 1, 24 209.78 <0.001

N form 2, 24 59.21 <0.001

Species 3, 71 11.80 <0.001

Season × N form 2, 24 3.50 0.046

Season × Species 3, 71 8.82 <0.001

N form × Species 6, 71 0.56 0.762

Season × N form x Species 6, 71 1.86 0.099

F- and P-values derived from ANOVA are shown with df
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Discussion

Despite the growing recognition that N strategy differ-
entiations play an important role in plant species coex-
istence and nutrient cycling in terrestrial ecosystems
(Schimel and Bennett 2004; Kahmen et al. 2006), very
few studies have examined how plant N strategies spe-
cialize by trade-offs between N total acquisition and use
abilities (Soussana et al. 2005; Maire et al. 2009), or
between different methods of N acquisition (e.g.,
temporal or chemical N partitioning; Näsholm et al.
1998; McKane et al. 2002). The present study provides
valuable information to fill the knowledge gap by ex-
amining trade-offs at these two dimensions in natural
grassland ecosystems.

Our result provides some evidence for interspecific
trade-offs between N acquisition and use under natural
field conditions. Plant overall N uptake decreases with
species relative abundance, whereas plant N use effi-
ciency has the opposite tendency. This species N
strategy-relative abundance pattern confirms previous
findings that resource-poor habitats are dominated by
conservative resource strategies that increase the ability
of plants to tolerate and survive in such environments
(Soussana et al. 2005; Maire et al. 2012; Reich 2014).
The temperate grassland of the present study may be
more strongly nutrient-limited than other temperate
grasslands because we recorded low N availability and
soil moisture over the plant growing season (Harrison
et al. 2007; Maire et al. 2012).

Herbaceous plants are expected to change resource
allocation between shoots and roots depending on the
soil resource availability; this reflects a physiologically
intrinsic trade-off between N acquisition and use
(Tilman and Wedin 1991; Osone and Tateno 2005;
Díaz et al. 2004). Plants with high N use efficiency are
considered to be competitively superior under N-limited
conditions that entail a high biomass production per unit
of N captured by plants (Soussana et al. 2005; Fargione
and Tilman 2006). However, the less-dominant species
(e.g., Achnatherum sibiricum) may have a relative ad-
vantage in N acquisition over dominant species. The
interspecific trade-offs between N acquisition and use
likely promote species coexistence by avoiding the
competitive exclusion of N-exploitative species in se-
vere N-limited environments. Our results indicate that
there may be more niche partitioning related to nitrogen
use efficiency rather than N acquisition. Additional
work is needed to determine whether a trade-off

between two components of nitrogen use efficiency
(nitrogen productivity and mean residual time of N,
Berendse and Aerts 1987) can contribute to species
coexisting in the field conditions. The dominance of
N-conservative species could have strong implications
for ecosystem nutrient cycling by concurrent changes in
litter inputs and root exudates that modify carbon inputs
to the soil and influence mineralization-immobilization
dynamics (de Vries and Bardgett 2012).

Based on a growing awareness that differentiation in
uptake of chemical N forms can explain plant species
coexistence (Näsholm et al. 2009), we hypothesized that
coexisting plant species are differentiated by preferen-
tially taking up different forms of N. Our data did not
support this prediction; soil nitrate was the most abun-
dant N form over the plant growing season, and all plant
species preferred to capture nitrate over ammonium and
glycine. This contrasts with previous findings that N
partitioning with respect to chemical N forms occurs
among coexisting species in arctic tundra and alpine
ecosystems where soil-dissolved organic N is the pri-
mary source of plant-available N (McKane et al. 2002;
Miller and Bowman 2003). Nonetheless, our results are
consistent with previous temperate grassland studies
where plant species display a greater uptake of inorganic
than organic N under natural conditions (Bardgett et al.
2003; Harrison et al. 2007).

Interestingly, most of the previous studies that had
found N form complementarity among coexisting spe-
cies (Miller and Bowman 2003; Weigelt et al. 2005;
Kahmen et al. 2006) or ammonium preferences by
plants (Bardgett et al. 2003; Wilkinson et al. 2015) were
conducted in acidic soil. In alkaline soil such as that in
our study, speedy transformations of amino acids to
ammonium via mineralization and to nitrate subsequent-
ly via nitrification may increase the effluxes of the
amino acids and ammonium pools, and the influx of
the nitrate pool as a consequence, thereby resulting in
the dominance of nitrate in soil N pool (Jones et al.
2005; Luo et al. 2013). Species that prefer to capture
ammonium or organic N may not meet their N demands
and thus are particularly prone to be outcompeted by
plants with preference for soil nitrate, evidenced by the
fact that this grassland is dominated by few common
species and species richness is much lower compared
with arctic tundra or alpine grasslands (McKane et al.
2002; Miller and Bowman 2003).

We observed an equivalent amount of ammonium
and glycine-derived 15N in the shoot biomass of each
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plant species, reflecting the same uptake rates of soil
ammonium and glycine by plants. But we cannot rule
out the possibility that some labelled glycine was min-
eralized to ammonium prior to plant uptake, because we
failed to detect a significant relationships between shoot
15N and 13C excesses for all plant species. Lack of shoot
15N and 13C relationships may also have resulted from
the mixed effects of variable plant background N con-
centrations and the small amount of dual-labelled gly-
cine additions. We were fully aware of the necessity for
root measurements if we want to accurately estimate
plant capacities of N form uptake, despite the fact that
even species-level root 15N excess were not measured
due to limitations of the stable isotope labelling tech-
nique (Näsholm et al. 2009). For now, we cannot deter-
mine how root-absorbed N is allocated between shoot
and root components depending on chemical forms.
Therefore, future work needs to develop a novel tech-
nique to accurately estimate 15N in root biomass and
background soil for a better understanding of plant N
preferential use in field conditions. Our results highlight
that species-specific preferential uptake of chemical N
forms observed in pot experiments (Weigelt et al. 2005)
may not be applicable under natural field conditions,
especially for low species-richness communities.
Coexisting plant species in natural grasslands are more
likely to have evolved mechanisms of a better competi-
tion for the dominant soil N form (Harrison et al. 2007;
Wilkinson et al. 2015).

Experimental and theoretical works have suggested
that temporal niche differentiations are likely to occur in
resource-limited ecosystems (Chesson 2000; Chesson
et al. 2004), resulting in efficient use of limiting soil
resources. Therefore, we tested whether coexisting plant
species staggered their temporal peaks of N uptake. Our
results did not support this hypothesis; all plant species
showed greater total N uptake in the early growing
season, although there was a tendency for the dominant
species to have a larger proportion of N uptake in the
late growing season. As with previous studies, the great-
er N uptake in the early growing season may reflect the
mixed effects of a high plant growing rate, N demand
and soil N availability at the end of the previous winter
(Jaeger et al. 1999; James and Richards 2005).
Interestingly, plant-available N decreased substantially
in the early spring as compared to the end of winter,
implying that plants may have strong effects on ecosys-
tem nutrient cycling in soils via nutrient uptake and
utilization (Boudsocq et al. 2012). Of course, however,

the reduction in soil N can be a result of high activities of
soil microbes in the early spring (Schimel et al. 2007).

All plant species were in tune with the temporal
dynamics of soil N availability and had a greater capac-
ity to exploit larger N pulses. The lack of species-
specific temporal N patterns in this study contradicts
the previous experimental results that coexisting species
or functional groups (e.g. grasses, forbs and shrubs) can
spatiotemporally partition the soil N pool in arctic tun-
dra and alpine ecosystems (McKane et al. 2002; Miller
and Bowman 2003; Gao et al. 2014). This finding is
perhaps not surprising because all the grassland plants
studied on this site are C3 grass species with similar
phenologies. Previous studies with grassland communi-
ties have suggested that plant species partition soil N
pool by taking up N from different depths (von Felten
et al. 2009, 2012). We cannot rule out spatial N differ-
entiations as a possible mechanism underlying coexis-
tence of the grass species under study. Partitioning soil
organic N pool may contribute to species coexistence in
the grassland ecosystem as well, given a large variety of
amino acid forms were recorded in the soils. Future
work is needed to test whether spatial N differentiation
or partitioning organic N pool occurs in the Inner
Mongolia grassland communities.

All in all, our results suggest that coexisting plant
species follow different N strategies to meet their N
demands. In general, the dominant species is more
nutrient-conservative than less-dominant species in N-
limited grasslands. All plant species prefer to take up the
dominant N form, and N-acquisition capacity varies
synchronously with temporal variation of soil N. The
interspecific trade-offs between N acquisition and use
could promote species coexistence by equalizing spe-
cies’ competitive ability (Chesson 2000). In contrast, the
lack of significant chemical or temporal N differentia-
tions implies that there is no stabilizing mechanism in
this grassland community. It is the effects of environ-
mental filtering that necessarily select functionally sim-
ilar species within a local community (Grime 2006). We
note that our results are consistent with the nearly neu-
tral explanation of community organization (Zhou and
Zhang 2008), in which rare species are slightly less
competitive and are maintained in the community not
by niche differences but by immigration from outside. In
a similar vein, Zhang et al. (2016) also find, by analyz-
ing a 30-year observed data set of a nearby plant com-
munity, that the commoner species tend to have a stron-
ger competitive ability for soil nutrients than rarer
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species and the long-term dynamics of the rarer species
is essentially driven by stochastic processes such as
ecological drift. Of course, the claim for a nearly neutral
explanation of species coexistence in the temperate
grassland is still rather speculative, and further work is
needed to rule out niche partitioning as a possible mech-
anism, such as spatial N niche differentiation or
partitioning organic N pool. This study is focused on
nitrogen strategies of plants because N is generally the
most limiting resource in semi-arid grasslands. In the
future, additional work should investigate how
coexisting plant species specialize in other resources
(e.g., water, light), given that temperate grassland spe-
cies are also frequently limited by soil moisture or light.

Acknowledgments The authors thank Lin Zhao for assistance
with labelled solution injection and Wan-Jin Liao for helpful
comments on the manuscript. This study was funded by the State
Key Basic Research and Development Plan (No. 2007CB106802)
and the National Natural Science Foundation of China (No.
31421063) to DYZ.

References

Bardgett RD, Streeter TC, Bol R (2003) Soil microbes compete
effectively with plants for organic-nitrogen inputs to temper-
ate grasslands. Ecology 84:1277–1287

Berendse F, Aerts R (1987) Nitrogen-use-efficiency: a biologically
meaningful definition? Funct Ecol 1:293–296

Bermúdez R, Retuerto R (2014) Together but different: co-
occurring dune plant species differ in their water- and
nitrogen-use strategies. Oecologia 174:651–663

Bilbrough CJ, Caldwell MM (1997) Exploitation of springtime
ephemeral N pulses by six great basin plant species. Ecology
78:231–243

Boudsocq S, Niboyet A, Lata JC, RaynaudX, Loeuille N,Mathieu
J, Blouin M, Abbadie L, Barot S (2012) Plant preference for
ammonium versus nitrate: a neglected determinant of eco-
system functioning? Am Nat 180:60–69

Chen S, Bai Y, Zhang L, Han X (2005) Comparing physiological
responses of two dominant grass species to nitrogen addition
in Xilin River basin of China. Environ Exp Bot 53:65–75

Chesson P (2000) Mechanisms of maintenance of species diversi-
ty. Annu Rev Ecol Syst 31:343–366

Chesson P, Gebauer RLE, Schwinning S, Huntly N, Wiegand K,
Ernest MSK, Sher A, Novoplansky A, Weltzin JF (2004)
Resource pulses, species interactions, and diversity mainte-
nance in arid and semi-arid environments. Oecologia 141:
236–253

Díaz S, Hodgson JG, ThompsonK et al (2004) The plant traits that
drive ecosystems: evidence from three continents. J Veg Sci
15:295–304

Fargione J, Tilman D (2005) Niche differences in phenology and
rooting depth promote coexistence with a dominant C4

bunchgrass. Oecologia 143:598–606

Fargione J, Tilman D (2006) Plant species traits and capacity for
resource reduction predict yield and abundance under compe-
tition in nitrogen-limited grassland. Funct Ecol 20:533–540

von Felten S, Hector A, Buchmann N, Niklaus PA, Schmid B,
Scherer-Lorenzen M (2009) Belowground nitrogen
partitioning in experimental grassland plant communities of
varying species richness. Ecology 90:1389–1399

von Felten S, Niklaus P, Scherer-Lorenzen M, Hector A,
Buchmann N (2012) Do grassland plant communities profit
from N partitioning by soil depth? Ecology 93:2386–2396

Gao J-Q, Mo Y, Xu X-L, Zhang X-W, Yu F-H (2014)
Spatiotemporal variations affect uptake of inorganic and
organic nitrogen by dominant plant species in an alpine
wetland. Plant Soil 381:271–278

Grime JP (2006) Trait convergence and trait divergence in herba-
ceous plant communities: mechanisms and consequences. J
Veg Sci 17:255–260

Harrison KA, Bol R, Bardgett RD (2007) Preferences for different
nitrogen forms by coexisting plant species and soil microbes.
Ecology 88:989–999

IUSS Working group WRB (2015) world Reference Base for soil
resources 2014, international soil classification system for
naming soils and creating legends for soil maps. World soil
resources reports no. 106. FAO, Rome

Jaeger CH, Monson RK, Fisk MC, Schmidt SK (1999) Seasonal
partitioning of nitrogen by plants and soil microorganisms in
an alpine ecosystem. Ecology 80:1883–1891

James JJ, Richards JH (2005) Plant N capture from pulses: effects
of pulse size, growth rate, and other soil resources. Oecologia
145:113–122

Jones DL, Healey JR, Willett VB, Farrar JF, Hodge A (2005)
Dissolved organic nitrogen uptake by plants − an important
N uptake pathway? Soil Biol Biochem 37:413–423

Kahmen A, Renker C, Unsicker SB, Buchmann N (2006) Niche
complementarity for nitrogen: an explanation for the biodi-
versity and ecosystem functioning relationship? Ecology 87:
1244–1255

Kahmen A, Wanek W, Buchmann N (2008) Foliar δ15N values
characterize soil N cycling and reflect nitrate or ammonium
preference of plants along a temperate grassland gradient.
Oecologia 156:861–870

Lhotsky B, Kovács B, Ónodi G, Csecserits A, Rédei T, Lengyel A,
Kertész M, Botta-Dukát Z (2016) Changes in assembly rules
along a stress gradient from open dry grasslands to wetlands.
J Ecol 104:507–517

LuoGJ, Kiese R,Wolf B, Butterbach-Bahl K (2013) Effects of soil
temperature and moisture on methane uptake and nitrous
oxide emissions across three different ecosystem types.
Biogeosciences 10:3205–3219

Maire V, Gross N, da Silveira PL, Picon-Cochard C, Soussana J-F
(2009) Trade-off between root nitrogen acquisition and shoot
nitrogen utilization across 13 co-occurring pasture grass spe-
cies. Funct Ecol 23:668–679

Maire V, Gross N, Börger L, Proulx R, Wirth C, da Silveira PL,
Soussana J-F, Louault F (2012) Habitat filtering and niche
differentiation jointly explain species relative abundance
within grassland communities along fertility and disturbance
gradients. New Phytol 196:497–509

McKane RB, Johnson LC, Shaver GR et al (2002) Resource-based
niches provide a basis for plant species diversity and domi-
nance in arctic tundra. Nature 415:68–71

Plant Soil (2017) 418:267–276 275



Miller AE, BowmanWD (2003) Alpine plants show species-level
differences in the uptake of organic and inorganic nitrogen.
Plant Soil 250:283–292

Näsholm T, Ekblad A, Nordin A, Giesler R, Högberg M, Högberg
P (1998) Boreal forest plants take up organic nitrogen. Nature
392:914–916

Näsholm T, Kielland K, Ganeteg U (2009) Uptake of organic
nitrogen by plants. New Phytol 182:31–48

Osone Y, TatenoM (2005) Nitrogen absorption by roots as a cause
of interspecific variations in leaf nitrogen concentration and
photosynthetic capacity. Funct Ecol 19:460–470

Quinn GP, Keough MJ (2002) Experimental design and data anal-
ysis for biologists. Cambridge University Press, New York

RDevelopment Core Team (2013) R: a language and environment
for statistical computing. R Foundation for Statistical
Computing, Vienna ISBN 3-900051-07-0

Reich PB (2014) The world-wide Bfast–slow^ plant economics
spectrum: a traits manifesto. J Ecol 102:275–301

Schimel JP, Bennett J (2004) Nitrogen mineralization: challenges
of a changing paradigm. Ecology 85:591–602

Schimel J, Balser TC, Wallenstein M (2007) Microbial stress-
response physiology and its implications for ecosystem func-
tion. Ecology 88:1386–1394

Schneider K, Huisman JA, Breuer L, Frede H-G (2008)
Ambiguous effects of grazing intensity on surface soil mois-
ture: a geostatistical case study from a steppe environment in
Inner Mongolia, PR China. J Arid Environ 72:1305–1319

Soussana J-F, Teyssonneyre F, Picon-Cochard C, Dawson L
(2005) A trade-off between nitrogen uptake and use increases
responsiveness to elevated CO2 in infrequently cut mixed C3

grasses. New Phytol 166:217–230
Streeter TC, Bol R, Bardgett RD (2000) Amino acids as a nitrogen

source in temperate upland grasslands: the use of dual la-
belled (13C, 15N) glycine to test for direct uptake by dominant
grasses. Rapid Commun Mass Spectrom 14:1351–1355

Tilman D, Wedin D (1991) Plant traits and resource reduction for
five grasses growing on a nitrogen gradient. Ecology 72:685–
700

Vitousek PM, Howarth RW (1991) Nitrogen limitation on land
and in the sea: how can it occur? Biogeochemistry 13:87–115

de Vries FT, Bardgett RD (2012) Plant-microbial linkages and
ecosystem nitrogen retention: lessons for sustainable agricul-
ture. Front Ecol Environ 10:425–432

Weigelt A, Bol R, Bardgett RD (2005) Preferential uptake of soil
nitrogen forms by grassland plant species. Oecologia 142:
627–635

Wilkinson A, Hill PW, Vaieretti MV, Farrar JF, Jones DL, Bardgett
RD (2015) Challenging the paradigm of nitrogen cycling: no
evidence of in situ resource partitioning by coexisting plant
species in grasslands of contrasting fertility. Ecol Evol 5:275–
287

Wooliver R, Pfennigwerth AA, Bailey JK, Schweitzer JA (2016)
Plant functional constraints guide macroevolutionary trade-
offs in competitive and conservative growth responses to
nitrogen. Funct Ecol 30:1099–1108

Wright IJ, Reich PB, Westoby M et al (2004) The worldwide leaf
economics spectrum. Nature 428:821–827

XuY, He J, ChengW, Xing X, Li L (2010) Natural 15N abundance
in soils and plants in relation to N cycling in a rangeland in
Inner Mongolia. J Plant Ecol 3:201–207

ZhangX, Pu Z, Li Y, HanX (2016) Stochastic processes playmore
important roles in driving the dynamics of rarer species. J
Plant Ecol 9:328–332

Zhou S-R, Zhang D-Y (2008) A nearly neutral model of biodiver-
sity. Ecology 89:248–258

Zhu B-R (2011) Plant community assembly in Inner Mongolia
grassland. College of Life Science, Beijing Normal
University, Beijing, China, PhD dissertation

276 Plant Soil (2017) 418:267–276


	Contrasting...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Study site
	Experimental design
	Samplings and analyses
	Statistical analysis

	Results
	Temporal patterns of soil N
	Aboveground biomass and biomass: N ratio
	Uptake of chemical N forms by plants

	Discussion
	References


