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Abstract Niche partitioning by time, space and
chemical forms has been suggested as an important
mechanism to maintain species coexistence. Climate
warming is assumed to increase soil nutrient avail-
ability through enhancing mineralization of soil
organic matter in a variety of terrestrial ecosystems.
However, few studies have yet examined how
dominant plant species contribute to species coexis-
tence when nutrient enrichment occurs in native

ecosystems.We studied a single fairy ring (5 m diameter)
in a Kobresia meadow in the Tibetan Plateau. This kind
of rings is caused by a basidiomycete fungus Agaricus
campestris, and is evidenced by dark-green vegetation
boundaries. Nutrient enrichment occurs due to en-
hanced decomposition of soil organic matter (SOM)
in the fungus growth zone of these rings. We conducted
a short-term 15N labelling experiment and found that
dominant plant species shifted their N uptake patterns
and preferred N form (NO3

−, NH4
+, and amino acid

N) in response to nutrient enrichment in an N-limited
alpine meadow. The legume Gueldenstaedtia diver-
sifolia had the lowest aboveground biomass among
the five plant species studied at low available N
level, although it mainly utilized ammonium (the
most abundant N form). The two graminoids
(Elymus nutans and Stipa aliena) demonstrated
similar aboveground biomass at low and high
available N levels, showing a similar pattern switch-
ing from NH4

+/NO3
− uptake outside the ring to

glycine uptake in the annulus zone of the ring. The
biomass of the forb Gentiana straminea differed
significantly at low and high available N levels, but
its N uptake pattern almost remained unchanged.
Species therefore differed in their response to nutrient
enrichment, most species showing chemical niche
shifts instead of niche conservatism. This finding has
important implications with regard to understanding
the mechanisms responsible for species coexistence
when natural nutrient enrichment is induced by climate
warming in terrestrial ecosystems.
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Introduction

The control of how plant diversity is maintained is a
central topic in ecology, mainly focusing on species
coexistence in ecosystems (Chesson 2000; Silvertown
2004). Several mechanisms have been invoked to
explain plant species coexistence in N-limited eco-
systems, including variation in resource requirements
of individual species and partitioning of N acquisition
in time, space and chemical forms (Schoener 1974;
Tilman 1982; Chesson 2000; McKane et al. 2002;
Miller and Bowman 2002; Silvertown 2004). Recent
fertilization experiments showed a tendency for
species loss with increasing soil nutrient availability
(Gough et al. 2000; Stevens et al. 2004; Harpole and
Tilman 2007; Clark and Tilman 2008; Manning et al.
2008). Experiments showed that N enrichment can
modify plant community composition through altering
plant-soil feedbacks (Manning et al. 2008). Moreover,
numerous field and laboratory experiments showed
that soil nutrient availability can be enhanced by soil
warming through stimulating decomposition of SOM
(Lükewille and Wright 1997; Rustad et al. 2001;
Sardans et al. 2006), and thereby may result in species
losses (Klein et al. 2004). A possible mechanistic
explanation of grassland species loss caused by
nutrient enrichment was put forward by Harpole and
Tilman (2007), who suggested that species loss
resulted from decreasing their niche dimension. How-
ever, few studies have been conducted to examine how
dominant plant species coexist when nutrient enrich-
ment occurs in native ecosystems.

The Tibetan Plateau has been regarded as “the third
pole of the Earth”, covering over 2.5 million km2 with
an average altitude of more than 4000 m above sea
level. Approximately 35% of its area is alpine
meadows (Zheng 2000). The high OM status of these
alpine meadow soils is due to harsh climatic con-
ditions. This leads to the trapping of N in forms
unavailable to plants in alpine Kobresia humilis
meadows (Song et al. 2007). As a result, plant growth
is strongly limited by soil-available N in this type of
meadow (Zhou 2001). Several lines of evidence
suggest that the Tibetan Plateau is experiencing

climatic warming (Thompson et al. 1993; French and
Wang 1994) and the Plateau has been predicted to
undergo greater than average increases in temperatures
in the future (Giorgi et al. 2001). This indicates that
climate warming might enhance mineralization of
SOM and give rise to nutrient enrichment in alpine
meadows. Therefore, an important question arises: how
do dominant plant species acclimate to nutrient
enrichment and how does this contribute to species
coexistence in alpine meadows? It was shown that
plant species occupy distinct niches with regard to their
relative N uptake (Kahmen et al. 2006). We here
advance a hypothesis that dominant plant species shift
their N uptake patterns (here referred as chemical niche)
in response to nutrient enrichment and contribute to
species coexistence in these alpine meadows.

Fairy rings in grasslands are manifestations of
basidiomycete activities, and are often observed due to
close-cropped and homogeneous vegetation. They are
often classified as three types according to whether
vegetation is killed at the ring margin, grows more
vigorously or is unaffected (Griffith and Roderick
2008). In typical alpine Kobresia meadows, the
basidiomycete fungus Agaricus campestris develops
fairy rings. The vegetation in the fungus growth zone
grows vigorously, which is evidenced by dark-green
vegetation boundaries (Fig. 1) and circular fruit body
distributions. Basidiomycete fungi grow on dead
organic matter (Cooke and Rayner 1984) and return
nutrients to the soil, leading to higher N availability in
annular areas of rings than outside the rings (Kaiser
1998; Edwards 1988; Gramss et al. 2005; Griffith and
Roderick 2008). This provides a unique environment
for testing how dominant plant species acclimate to
nutrient enrichment in alpine meadows, circumventing
manipulations by fertilizer addition. To test the
hypothesis above, a short-term 15N experiment was
conducted in the fungus growth zone and outside the
fairy ring, focusing on chemical niches (i.e. N uptake
preferences) of five common dominant grassland
species.

Materials and methods

Study site

The experiment was conducted in an alpine meadow
at the Haibei Alpine Meadow Ecosystem Station of
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the Chinese Academy of Sciences, Qinghai Province
(37° 36′ 60″ N, 101° 19′ 14″ E, 3215 m asl). 25-year
means for temperature and rainfall were −1.7 °C and
600 mm, respectively. Dominant species are Kobresia
humilis Serg., Elymus nutans Griseb., Stipa aliena
Keng., Poa sp., Festuca ovina Linn., Gentiana
aristata Maxim., Gentiana straminea Maxim., Saus-
surea superba Anth., and Gueldenstaedtia diversifolia
Maxim. (Zhou 2001). The soil is classified as Mat
Cryo-gelic Cambisol (Chinese Soil Taxonomy Re-
search Group 1995) corresponding to Gelic Cambisol
(WRB 1998). There were on average 28 plant species
within 25 cm×25 cm quadrats outside the fairy ring
and 23 species in the fungus growth zone. The five
selected dominant species accounted for 69% of total
aboveground biomass in the outer zone not yet
colonized by the fungus and 56% in the annulus zone
of the ring. The height of herbaceous plants averaged
about 20 cm in the outer zone and 26 cm in the
fungus growth zone of the fairy ring.

Experimental layout

Only a single ring (5 m diameter) was investigated in
this study. Twenty-four 10×20 cm plots were set up

in a Kobresia humilis meadow in July, 2007. Twelve
plots were positioned in the centre of the 50 cm wide
annulus area (Fig. 1b) developed by Agaricus cam-
pestris, the other twelve plots were located more than
25 m distant from the fairy ring within the alpine
meadow. Five dominant species in the annulus area
and outside the fairy ring were selected as target
species: one sedge (Kobresia humilis), two graminoids
(Elymus nutans and Stipa aliena), and two forbs
(Gueldenstaedtia diversifolia and Gentiana straminea).

A mixture of glycine, NH4
+, and NO3

− (1:1:1
glycine-N/NH4

+-N/NO3
−-N) was injected into 5 cm

soil depth. Before N was injected, each 10×20 cm
plot was divided into eight 5×5 cm subplots. One
milliliter solution was injected at the center of each
subplot, yielding 19 μg N g−1 d.w. soil for each 10×
20 cm plot. The amount and forms of N added in the
three treatments were identical, but only one of the
three N forms was labeled with 15N in each case
(98.2 at% 15N enrichment for NO3

−, 98.4 at% 15N
enrichment for NH4

+, and 95.0 at% 15N enrichment
for glycine). Three replicate plots received each 15N
form treatment. Six untreated plots (three in the
fungus growth zone and three in the outer zone of
the ring) which were not injected with 15N tracer were
supplied with equivalent amounts of water and were
taken as controls. When 15N tracers were injected into
soils, great attention was given to an even distribution
of the 15N labeled solution in the soil.

Because of rapid turnover of amino acids in soil
(Jones and Kielland 2002), plants and soil were
collected three hours after 15N tracer injection. The
plots were completely sampled to 10 cm depth
because over 80% of the roots are concentrated within
this horizon (Zhou 2001) and immediately transferred
to the laboratory. The whole 10×20 cm plot was
excavated, from which roots were carefully separated
so that ‘intact’ plant individuals were collected. The
mycelium was invisible to the naked eye when these
plots were excavated and broken up. Plants were
sorted to species level. They were rinsed shortly after
with water, then for 30 min with 0.5 mmol L−1 CaCl2
solution, and again with distilled water to remove 15N
absorbed on the surface of plants. Plant material was
dried at 60 °C for 48 h, weighed for total dry mass, N
content, and 15N/14N ratio measurements. After roots
were carefully removed from soil cores, the remaining
soils were sieved to through 2 mm and stored at 4 °C
until measurements of available N.

Fig. 1 The basidiomycete fungus develops a fairy ring as
evidenced by a dark-green vegetation boundary a, showing three
zones: (a) outside the fairy ring not yet colonized by the fungus,
(b) in the annulus zone with fungus growth, and (x) the inner zone
where the Agaricus has already grown through. Sampling points
within the fairy ring were positioned in the centre of the fungal
growth zone b: white rectangles were injected with water as the
control, diagonal rectangles with 15N-glycine, dotted rectangles
with 15N-NO3

−, and hatched rectangles with 15N-NH4
+
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Sample analysis

Soil NO3
−-N and NH4

+-N were determined by
autoanalyser in 0.5 M K2SO4 extracts. Soil glycine
concentrations were measured by high-performance
liquid chromatography (Waters 515) on the same
extracts (Nasholm et al. 1987).

Dried intact plants including roots and shoots were
ground to a fine powder using a ball mill (MM200,
Retsch). Aliquots (2 mg) of ground plant material
were weighed into tin capsules for analyzing total N,
C and atom% 15N by a isotope ratio mass spectrom-
etry (Mat253, Finnigan MAT). Atom% excess 15N
(APE) was calculated as the atom% 15N difference
between plants from 15N treated and from control
plots.

N uptake calculation

Uptake of 15N (mg 15N m−2) of individual plant
species was calculated by multiplying N content (mg
N g−1 d.w.), APE, and biomass (g m−2). Uptake of
available N species corresponding to the 15N treat-
ment was calculated following McKane et al. (2002):

Uunlabelled ¼ Ulabelled munlabelled=mlabelledð Þ

where mlabelled is the total mass (g m−2) of 15N-
labelled N injected per plot, munlabelled is the mass of
available N species measured in soils. Ulabelled is
uptake (g m−2) of 15N from the source mlabelled, and
Uunlabelled is uptake of available N from the source
munlabelled.

Quantification of mycorrhizal colonization

To test whether arbuscular mycorrhizal fungi (AMF)
contribute to shifts in N uptake pattern, mycorrhizal
colonization was determined for the five dominant
plant species. We collected fresh roots of the observed
five plant species close to our 15N treatment plots.
The roots after gentle washing were stored in 50%
ethanol until measurements of AMF colonization.
When measuring mycorrhizal colonization, roots were
rinsed with tap water and then cleared in 10% KOH
solutions for 45 min at 90 °C. After clearing, roots
were boiled (95 °C) for at least 3 min in the staining
solution consisting of 5% ink diluted in 5% acetic
acid. A gridline-intersection method was used to
quantify extent of mycorrhizal colonization (Vierheilig
et al. 2005).

Results

N availability was higher in the annular area than outside
the fairy ring (Table 1). Soil total N and available N
such as ammonium, nitrate, and glycine in the annulus
area were significantly higher than outside the fairy
ring. Compared with the outer zone of the ring, C/N
increased about 11% in the fungus growth zone while
soil pH showed no significant difference.

K. humilis and G. straminea showed significantly
higher total biomass in the annulus area than outside
the ring, whereas no significant difference in total
biomass was observed for E. nutans, S. aliena and G.
diversifolia (Fig. 2).

Table 1 Characteristics of topsoils (0–10 cm) outside the fairy
ring and in the annulus zone of the ring in a Kobresia humilis
meadow. Means±1SE are presented (n=12). Asterisks indicate

significant differences between outside the fairy ring and in the
annulus zone at 0.05 error probability level

The outer zone The fungus growth zone Increase (%)

Organic carbon (%) 7.36±0.42* 10.60±0.54 44.02

Total N (%) 0.58±0.08* 0.76±0.12 30.26

C/N 12.7±0.3 14.0±0.2 10.57

pH (H2O) 8.0±0.2 7.6±0.3 –

Ammonium (μg N g−1 d.w. soil) 5.16±0.32* 8.03±0.12 55.62

Nitrate (μg N g−1 d.w. soil) 2.20±0.17* 2.95±0.09 34.09

Glycine (μg N g−1 d.w. soil) 2.86±0.56* 6.47±0.75 126.22

TFAAa (μg N g−1 d.w. soil) 30.59±2.64 40.79±3.00 33.35

a Total free amino acid concentration (sum of the 17 amino acids)
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The sedge K. humilis used mainly nitrate (the least
abundant N-form in the soil) outside the fairy ring,
but in the annulus zone there was a switch to uptake
of glycine and ammonium (Table 2, Fig. 3). The
legume G. diversifolia utilized the most abundant N
form (ammonium) outside the ring but the least

abundant N form (nitrate) under high N availability.
The graminoids E. nutans and S. aliena both showed a
similar pattern switching from NH4

+/NO3
− uptake

outside to glycine uptake in the annulus zone (Table 2,
Fig. 3). They mainly acquired N from both the most and
the least abundant N forms outside the ring while
utilizing preferentially the second most abundant N form
at higher N availability. Uptake patterns of the forb G.
straminea were similar in both areas (Table 2, Fig. 3).

Outside the fairy ring, inorganic N made a major
contribution to total N uptake for all five plant species
(Fig. 4a). Compared to outside the ring, the five
dominant plant species acquired more amino acid N
in the annulus zone of the ring (Fig. 4b). The sedge
(K. humilis) and graminoids (E. nutans and S. aliena)
showed a significant difference in N uptake between
in the annulus zone and outside the ring, whereas the
forbs (G. diversifolia and G. straminea) didn’t show
significant differences (Table 2).

The roots of K. humilis and G. diversifolia were
not colonized by AMF, while the other three species
were colonized by AMF. G. straminea had a very low

K. humilis E. nutans S. aliena G. diversifolia G. straminea
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mycorrhizal colonization, ranging between 5% (in the
annulus zone of the fairy ring) and 8% (outside the
fairy ring). S. aliena (in vs. outside, 65% vs. 70%)
and E. nutans (in vs. outside, 70% vs. 56%) showed
higher rates of mycorrhizal colonization.

Discussion

We observed different patterns than those reported by
McKane et al. (2002) for an arctic tundra ecosystem, i.e.
that the most productive species preferentially utilized
the most abundant N form while less productive species
used less abundant N forms in an arctic tundra
ecosystem. In our study G. diversifolia had the lowest

total biomass among the five plant species studied at
low available N level (Fig. 2), although it utilized the
most abundant N form (ammonium) (Fig. 3). The two
graminoids demonstrated similar total biomass at low
and high available N levels (Fig. 2), and showed a
similar pattern switching from NH4

+/NO3
− uptake

outside the ring to glycine uptake in the fungus growth
zone of the ring (Fig. 3). In contrast, total biomass of G.
straminea differed significantly at low and high
available N levels, but its N uptake pattern almost
remained unchanged (Fig. 3). Only one out of five
dominant plant species showed niche conservatism (G.
straminea), indicating that chemical niche shifts or
niche conservatism vary in a species-specific manner.
Nonetheless, different patterns of N uptake by dominant

Table 2 Percent of N taken up by plants from three N forms
both in the fungus growth zone and outside the fairy ring.
Means±1SE are presented (n=3). Asterisks indicate significant

differences for the same N form between outside the fairy ring
and in the fungus growth zone at 0.05 error probability level

Plant species Outside the fairy ring The fungus growth zone

NH4
+ NO3

− Glycine NH4
+ NO3

− Glycine

K. humilis 26.1±6.9 63.3±6.7* 10.6±1.1* 35.3±2.1 25.6±1.8 39.1±0.4

E. nutans 54.1±0.7* 32.0±0.7 14.0±0.1* 26.5±3.0 24.5±2.1 49.0±3.0

S. aliena 49.1±1.1* 43.1±1.7* 7.7±1.5* 26.5±3.8 26.1±3.4 47.3±1.0

G. diversifolia 95.7±0.7* 1.8±0.3* 2.5±0.4* 5.3±2.2 79.2±10.2 15.5±8.0

G. straminea 45.0±4.5 31.3±4.1 23.8±2.2 49.6±10.2 23.1±3.4 27.3±7.6
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plant species under different available N levels mean
that dominant plant species can switch their chemical
niches for different N forms to acclimate to nutrient
enrichment in alpine meadows (Fig. 3).

AMF are mainly associated with P uptake, but
numerous studies suggest that they can participate
in N acquisition by plants from OM (e.g., Hodge et
al. 2001; He et al. 2003; Govindarajulu et al. 2005;
Lambers et al. 2008; Hodge and Fitter 2010). This
can not fully explain the chemical niche shifts
observed here. The roots of K. humilis and G.
diversifolia were not colonized by AMF either in
the annulus zone or outside the fairy ring, though
both species showed strong and opposite N uptake
patterns. At high available N level K. humilis shifted
to more abundant N forms while G. diversifolia
shifted to the least abundant N form. G. diversifolia
had the lowest biomass among the five dominant
plant species. A possible explanation for these
differences in niche trajectory therefore is that G.
diversifolia preferentially acquired NO3

−, the least
preferred N form at low available N levels, to reduce
competition with the other dominant plant species.
Several lines of evidence indicate that some grass-
land species preferentially utilize NO3

− (Miller et al.
2007; von Felten et al. 2009). K. humilis has been
suggested as a keystone species in this type of
meadow, but this is mainly caused by grazing stress
because of its stronger tolerance of over-grazing by
yaks and sheep and nutrient-poor environments
(Kaiser et al. 2008). Field observations have shown
that graminoids are gradually becoming dominant
when grazing is stopped. Under such conditions K.
humilis preferentially acquired N from the least
available form (nitrate) although it had the highest
total biomass (Fig. 2). When N enrichment occurred,
K. humilis shifted towards using the more abundant
N forms. Compared with K. humilis and G. diversi-
folia, the roots of the other three species were
colonized by AMF. G. straminea had a very low
mycorrhizal colonization, whereas both S. aliena and
E. nutans exhibited higher rates of mycorrhizal
colonization. However, the lack of large differences
in mycorrhizal colonization between in the annulus
zone and outside the fairy ring, suggests that the
shifts in N uptake patterns of these three species
were not caused by altered AMF colonization.
Overall, colonization of AMF clearly did not object
our major finding that the dominant plant species in

these alpine meadows showed chemical niche shifts
and differed in their strategy to acquire available soil
N under different nutrient levels.

To our knowledge, this is the first report showing
shifts in N uptake patterns of dominant plant species
in response to nutrient enrichment induced by
basidiomycete fungi in native ecosystems, completely
different from previous studies. First, most studies
about the effects of N enrichment on plant diversity
were manipulated by adding extraneous N (Gough et
al. 2000; Stevens et al. 2004; Harpole and Tilman
2007; Clark and Tilman 2008; Manning et al. 2008;
Duprè et al. 2010; Bobbink et al. 2010). Additions of
extraneous N are a good approach to unravel the
effects of N deposition on plant diversity. A number
of mechanisms have been identified, i.e. long-term
negative effect of ammonia and ammonium, soil-
mediated effects of acidification and increased sus-
ceptibility to secondary stress, disturbance factors and
direct toxicity of N gases (Bobbink et al. 2010).
Apparently, however, this is not appropriate for
investigating the effects of soil N availability on plant
diversity through adding extraneous N. Besides,
microbial community and activities are also affected
by N deposition (Johnson et al. 1998; Waldrop et al.
2004; Bradley et al. 2006; Allison et al. 2007).
Consequently, the conclusions obtained from N
fertilization observation can not represent the effects
of N enrichment derived from enhanced SOM
decomposition by soil warming. Second, studies in
this regard mainly focused on loss of plant diversity
caused by N enrichment. Harpole and Tilman (2007)
ascribed grassland plant species loss to reduced niche
dimension caused by nutrient enrichment. The
expanding of high stature (or N-demanding) species
at the expense of low stature (or less competitive)
species in grassland ecosystems was regarded as a
second mechanism (Berendse and Elberse 1990;
Klanderud 2008). In contrast, in this study we focused
on species coexistence among dominant plant species
when natural nutrient enrichment occurred. Actually,
this indicates that nutrient enrichment may have
greater impacts on non-dominant plant species than
dominant plant species. Recent warming experiments
also showed rapid loss of non-dominant species in
alpine meadows (Klein et al. 2004; Li et al. 2004).
Therefore, further studies should focus on responses
of non-dominant species to nutrient enrichment for a
better understanding of effects of nutrient enrichment

Plant Soil (2011) 341:495–504 501

Author's personal copy



on plant species diversity, as species-specific
responses to warming and nutrient addition were
observed in alpine ecosystems (Klanderud 2008).
Third, so far the observation regarding niche shift of
dominant plant species is obtained from empirical
studies in invasive species ecology (Dietz and
Edwards 2006; Broennimann et al. 2007; Harrington
et al. 2009). Invasive plants often produce certain
biochemicals that depress the growth and develop-
ment of other neighboring plants (Callaway and
Aschehoug 2000; Bais et al. 2003; Thorpe et al.
2009). In this case, it is difficult to obtain real
processes of niche shift in native ecosystems. None-
theless, our results also suffered from some deficien-
cies. First, in this study we only studied a single fairy
ring produced by Agaricus because it was difficult to
find several fairy rings at the same site. Second, biotic
and abiotic changes occurred with decomposer fungal
growth and activity which influence interactions
between plant species. A previous study in the
Tibetan alpine meadow showed that Agaricus signif-
icantly increased inorganic N content and available
phosphorus in soil, but didn’t alter pH in this type of
meadow. The aboveground biomass of graminoids,
sedges, legumes and forbs was significantly higher in
the annulus zone than outside the fairy ring (Liu
1997). In this study we also observed an increase of
total biomass between in the annulus zone compared
with the outer zone of the fairy ring. This implies that
the basidiomycete fungus Agaricus campestris
doesn’t depress the growth of the five dominant plant
species (Fig. 2). Therefore, our results at least reflect
how dominant plant species acclimate to high
available N level. As the development of fairy rings
of this size normally takes decades, we can assume
that the observed chemical niche shifts occur within
annual to decadal time scales. This indicates that
chemical niche shifts can occur rapidly in alpine
meadows, and challenges the core of niche-based
geographical models which have employed niche
conservatism as an important assumption (Peterson
et al. 1999; Pearman et al. 2008).

In summary, this study demonstrates that dominant
species can acclimate to N enrichment via chemical
niche shifts which may indirectly contribute to the
maintenance of species coexistence. This finding has
important implications with regard to understanding the
mechanisms responsible for species coexistence when
nutrient enrichment is induced by climate warming.

Additionally, because of rapid chemical niche shifts in
terrestrial ecosystems as shown here greater caution
should be taken when drawing conclusions using niche-
based geographical models to predict how species
respond to global warming. Considering there are still
some deficiencies, further research needs to investigate
more fairy rings and effects of interactions between
AMF and basidiomycete fungi on plant N acquisition.
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