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Abstract: Increased nitrogen (N) deposition will often lead to a decline in species richness in grassland ecosys-
tems but the shifts in functional groups and plant traits are still poorly understood in China. A field experiment was
conducted at Duolun, Inner Mongolia, China, to investigate the effects of N addition on a temperate steppe eco-
system. Six N levels (0, 3, 6, 12, 24, and 48 g N/(m?-a)) were added as three applications per year from 2005 to 2010.
Enhanced N deposition, even as little as 3 g N/(m*a) above ambient N deposition (1.2 g N/(m?-a)), led to a decline
in species richness of the whole community. Increasing N addition can significantly stimulate aboveground biomass
of perennial bunchgrasses (PB) but decrease perennial forbs (PF), and induce a slight change in the biomass of
shrubs and semi-shrubs (SS). The biomass of annuals (AS) and perennial rhizome grasses (PR) accounts for only
a small part of the total biomass. Species richness of PF decreased significantly with increasing N addition rate but
there was a little change in the other functional groups. PB, as the dominant functional group, has a relatively higher
height than others. Differences in the response of each functional group to N addition have site-specific and spe-
cies-specific characteristics. We initially infer that N enrichment stimulated the growth of PB, which further sup-
pressed the growth of other functional groups.
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Plant species diversity plays an important role in
maintaining ecosystem sustainability and function. But
it was recognized to be threatened by atmospheric ni-
trogen (N) deposition at the global scale (Bobbink et
al., 2010). Due to the implement of stricter legislation
to limit atmospheric pollution, the rates of N deposi-
tion in the USA and Europe have been leveled off or
stabilized since the late 1980s or early 1990s (NADP,
2000). In China, both reactive N emission and deposi-
tion caused mainly by growing agricultural and indus-
trial activities have been increasing continuously since
the 1980s (He et al., 2010; Liu et al., 2011). This en-
hanced N deposition, as a N nutrient resource, can
stimulate biomass increase, while decreases species
richness, affects community composition, and influ-
ences ecosystem functions. And its impacts vary con-
siderably among ecosystems (Matson et al., 2002; Niu
etal., 2010; Meng et al., 2011).

Grassland ecosystems, where nutrient inputs have
historically been very low, are very sensitive to N en-
richment condition. Even a 23 years adding of another
1 g N/(m*a) of N fertilizer will reduce plant species
numbers by 17% relative to controls receiving ambient
N deposition of 0.6 g N/(m*a) in the USA, and loss of
species mainly occurred in rare species which has
lower initial abundance (Clark and Tilman, 2008). Ef-
fects of increased N availability on community com-
position had also been well studied experimentally in
European species-rich grassland (Bobbink et al., 2003).
Bobbink et al. (2004) conducted a series of N addition
field experiments in temperate semi-natural grasslands
in Europe, including both wet and dry grasslands, and
they found a significant negative relationship between
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species richness and N addition rates within the range
of 0 to 4 g N/(m”-a). Other studies also found that spe-
cies richness may be reduced in areas with ambient N
loads exceeding 2 g N/(m”a) due to a long-term cu-
mulative N deposition for decades (Jones and Kielland,
2002; Emmett et al., 2007). For example, Stevens et al.
(2004) found that grass species richness in acidic soils
decreased linearly with increasing N deposition
(ranging from 0.5 to 3.5 g N/(m®-a)) in Britain.

Species response to increased N availability de-
pends on factors such as successional stage, ecosystem
type, N demand or retention capacity, land-use history,
soil, topography, climate, and the rate, timing, and
type of N fertilizer (Matson et al., 2002). As a main
grassland of China and part of the Eurasian steppe, the
Inner Mongolia steppe plays an important role in spe-
cies diversity maintenance and conservation. But in-
adequate attention has been paid to study how this
temperate steppe responds to increased N deposition.
Bai et al. (2010) recently demonstrated the tradeoffs
and thresholds in the effects of N addition on grass-
land biodiversity and ecosystem functioning. Their
results suggested that the critical threshold of
N-induced species loss for mature Eurasian grassland
may be below 1.75 g N/(m>-a), and changes in above-
ground biomass, species richness, and plant functional
group composition for both mature and degraded eco-
systems saturated at approximately 10.5 g N/(m>-a).
Changes in community abundance and biomass were
also found to be associated with soil mineral N content
(Song et al., 2011). In order to get a general cognition
about how the various functional groups respond to
increased N deposition in China, we need more studies
in this vulnerable region.

1 Materials and methods

1.1 Study area

The Duolun Grassland Research Station of Chinese
Academy of Sciences is located in Duolun county
(42°02'N, 116°17'E; 1,324 m asl), a semi-arid area in
Inner Mongolia with a mean annual temperature of
2.1°C. The maximum and minimum mean monthly
temperatures were 18.9°C in July and —17.5°C in
January, respectively. The area is characterized by a
continental monsoon climate. The mean annual pre-
cipitation is 313 mm, with 94% distributed from May

to October, and the mean potential evaporation is
1,748 mm. The soil is classified as a chestnut soil
(Chinese classification) or Calcic Luvisols according
to the FAO classification, with sand, silt and clay
contents of (62.8+0.04)%, (20.3+0.01)%, and (16.9+
0.01)%, respectively. Mean soil bulk density and soil
pH are 1.31 g/cm3 and 7.12, respectively. Soil (0-10
cm depth) organic C, total N, and total P are 12.3, 1.7
and 0.28 g/kg, respectively. According to Zhang et al.
(2008) and Shen et al. (2009), ambient annual N wet
and dry deposition in this area is about 16 kg N/hm”in
total. The study site has been fenced off since 2001 to
protect it from grazing disturbance. The experimental
field belongs to a typical steppe community and the
dominant plant species in this temperate grassland are
Artemisia frigida Willd, Stipa krylovii Roshev., Poten-
tilla acaulis L., Cleistogenes squarrosa (Trin.) Keng,
Allium bidentatum Fisch. ex Prokh. and Agropyron
cristatum (L.) Gaertn.

1.2 Experimental design

We used a randomized block design with five (in
2005) or six (after 2006) treatments and five replicate
plots for each treatment. Thirty 5 mx5 m plots were
arranged in a 5x6 matrix. The distance between any
two adjacent plots was 1 m. N fertilizer was added at
the rates of 0, 3, 6, 12, 24, and 48 g N/(mz-a) as
NH4NO; except in the first year (urea was applied in
2005). The 3 g N/(m*-a) treatment started in 2006
and the 48 g N/(m?a) treatment was not applied in
2009 and 2010. The fertilizer for each plot was split
into 3 equal dressings applied in early June, July and
August. The experiment started in 2005 and continued
to 2010, but no data were collected in 2007.

1.3 Vegetation sampling and analysis

We divided all the plants into five functional groups
according to species life form: perennial bunchgrasses
(PB), perennial rhizome grasses (PR), perennial forbs
(PF), shrubs and semi-shrubs (SS), and annuals (AS).
All vegetation sampling (except for biomass) was
done non-destructively because the experiment was
designed to investigate the long-term responses of
plant community to cumulative N addition. Sampling
was conducted at the end of August 2005, 2006, 2008,
2009 and 2010 when the sward had the highest bio-
mass during the year (Chen et al., 2011). Visual esti-
mates involved vegetation cover and species richness
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to test the changes in grassland community in response
to N addition. One permanent quadrat (1 mx1 m) was
established at each subplot in May 2005. During
measurement, a frame (1 mx1 m) with 100 equally
distributed grids at 10-cm interval was placed above
he canopy in each quadrat. The percentage of each
species cover was estimated visually in all grid cells,
the sum of which in each quadrat was accordingly con-
sidered to be the coverage of each species. Canopy
height of each species within a plot was the mean val-
ues of at least five random measurements of the species
height. Species richness was defined as the number of
different species in each quadrat. In addition, we also
used the Shannon—Wiener index (H) and Pielou index
evenness (E) to describe the patterns of plant commu-
nity structure. H was calculated as:
=-2P InP, (1)

E was calculated as:

E=(-2P InP)/InS. 2
Where P; is the relative coverage of species i and S is
species richness.

Aboveground vegetation was sampled each year
between 25 and 30 August by clipping all plant spe-
cies at the soil surface. A quadrat (I mx1 m) was
placed within each plot at random to avoid overlap
with the permanent quadrat used for vegetation sam-
pling and at least 50 cm away from the edge of the
plot to avoid edge effects. All living vascular plants
were sorted by species, and green vegetation, which
were separated from litter and standing dead samples,
was oven dried for 48 h at 65°C and weighed for
aboveground biomass.

1.4 Statistical analysis

Statistical difference in the mean values of the indica-
tors of all treatments was compared by least signifi-
cant difference (LSD) at a 5% level using the SAS V.
8.1 software (SAS Institute Inc., Cary, NV, USA).

2 Results

2.1 Species richness, species diversity and even-
ness in community

Mean Shannon-Wiener index (H), Pielou index even-
ness (E) and average species richness in the sampled
quadrat (1 mx1 m) within the plots across all treat-
ments and years were 1.40, 0.57 and 12.22, respec-
tively (Fig. 1). Species richness declined linearly with

N addition rate and year. In the first year (2005), there
were no changes in species richness between treat-
ments. A significant decline in species richness oc-
curred in the 48 g N/(m%-a) treatment in 2006. From
2008 to 2010, even the 12 g N /(m”-a) treatment sig-
nificantly decreased in species richness. When com-
paring the same treatment among years, we found that
species richness declined with year across all treat-
ments (Fig. 1). Both H and E declined with increasing
N addition rate except for the first year when no re-
sponses occurred for most species. The H values var-
ied with year and did not show a consistent trend. The
highest (2.09) and lowest (0.74) H values occurred in
2008. The E values, which varied from 0.37 to 0.77,
increased with year. When the N addition rate was
lower than 6 g N/(mz-a), the E values did not show
significant differences among years from 2008 to 2010

(Fig. 1).
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Table 1 Major species of different functional groups within the
guadrats (1 mx1 m) from 2005 to 2010

Relative coverage

Functional groups (%)
0

Species

Perennial

bunchgrasses (PB) Achnatherum sibiricum

Agropyron cristatum 10.9
Cleistogenes squarrosa 2.44
Koeleria cristata

Poa sphondylodes 1.36

Stipa krylovii 35.99
Perennial rhizoma-
tous grasses (PR)
Annual and biennial
(AB)

Leymus chinensis 0.31

Setaria viridis Beauv

Androsace umbellata
Chamaerhodos erecta
Chenopodium aristatum
Chenopodium glaucum
Dontostemon dentatus
Gentiana squarrosa
Salsola collina
Silene conoidea
Perennial forb (PF)  Allium bidentatum
Allium neriniflorum 2.71
Allium ramosum
Allium senescens
Allium tenuissimum
Artemisia capillaris
Astragalus galacties 1.46
Astragalus scaberrimus 1.23
Carex korshinskyi 0.98
Cymbaria dahurica 0.92
Dianthus chinensis 2.03
Heteropappus altaicus 0.99
Iris tenuifolia 0.63
Ixeris chinensis
Melilotoides ruthenica
Oxytropis microphylla
Phlomis umbrosa
Plantago asiatica
Potentilla acaulis 7.84
Potentilla anserina
Potentilla bifurca 0.70
Potentilla multifida
Potentilla tanacetifolia 1.95
Saposhnikovia divaricata
Scorzonera austriaca
Sibbaldia adpressa
Stellera chamaejasme

Thalictrum petaloideum 0.87

Shrubs and .
semi-shrubs (SS) Artemisia frigida 22.15
Lespedeza davurica

Note: Relative coverage (%) means the individual contribution of the 18 most abundant species
(contributing to 95% of the total coverage) to the total coverage.

2.2 Species richness of different functional groups

Perennial rhizome grasses (PR) comprised only one
species (Leymus chinensis) in our experiment, so there
were no changes in species richness of PR. Species
richness of perennial bunchgrasses (PB) and annuals
(AS) did not show any changes among treatments
from 2005 to 2010, ranging from 3 to 4 and 1 to 3,
respectively (Fig. 2). PF showed the highest species
richness, ranging from 2 to 10. However, the effects of
year and N treatment interactions were not significant.
In general, species richness of PF declined with in-
creasing N addition rate. Species richness of PF was
not influenced by N addition treatment in the first year
but decreased significantly under the N addition rate
of 48 g N/(m%a) in the second year. In the following
years (from 2008 to 2010) when the N addition rate
was higher than 12 g N/(m®a) the species richness of
PF declined significantly with increasing N addition
rate (Fig. 2). Species richness of shrubs and semi-
shrubs (SS) (ranging from 1 to 2) did not change sig-
nificantly with year (Fig. 2).

2.3 Aboveground biomass of different functional

groups

Increased N addition significantly stimulated the
growth of PB, which had the highest aboveground
biomass within our experimental quadrats. In the first
year, aboveground biomass of PB ranged from 30 to
90 g/m?, and growth continued in subsequent years. The
highest aboveground biomass of PB was 317 g/m’
which occurred in the 24 g N/(m”-a) treatment in 2010.
The aboveground biomass of 48 g N/(m”-a) treatment
was lower than that of 24 g N/(m2~a) treatment during
2009 and 2010 on account of the cessation of applica-
tion of 48 g N/(m*a) during these two years (Fig. 3).
Biomass of PF showed a negative relationship with N
addition rate. Compared to the control, biomass of PF
declined significantly by 81% in the highest treatment
after merely two years of N addition. The rate of de-
cline in PF biomass amounted to 49% at 12 g N/(m2~a)
in 2008 and 29% at 3 g N/(mz-a) in 2009 (Fig. 3).
Biomass of PR did not show any response to the in-
teraction between N addition treatment and year, with
lowest and highest aboveground biomass values of
0.21 g/m” and 4.09 g/m’, respectively (Fig. 3). The
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biomass of AS was no more than 8 g/m” after 6 years
of treatment and had no significant time effect (Fig. 3).
There was no significant effect of N addition on the
biomass of SS, which declined with increasing N ad-
dition rate, except in the first year when it showed an
increasing trend. During 2006, 2008 and 2009, the bio-
mass of SS started to decline significantly under the
addition rates of 48, 24 and 12 g/(m*a), respectively.
However, in 2010 there were no significant differences
among treatments (Fig. 3).

2.4 Height of different functional groups

Increased N addition rate significantly increased the
height of PB, which ranged from 21 to 55 cm. Despite
there were no differences between treatments in the
first year, the height of PB sharply increased in 2006,
when it peaked during the 6 years of experiments. The
48 g N/(m™a) treatment had the largest PB height

2005 2006

within each year, including 2009 and 2010 when N ad-
dition was terminated (Fig. 4). The height of PF varied
from 9 to 20 cm and was lower than that of PB. In
general, the height of PB increased with N addition
rate. The effect of N addition on PF height was slight
from 2005 to 2008. During 2009 and 2010, the height
of PB in the 48 g N/(mz-a) terminated treatment in-
creased significantly but there were no differences
between the other treatments (Fig. 4). SS height was
lower than PB but higher than PF. There was no con-
sistent trend in the variation of SS height which
ranged from 6 to 33 cm. SS height was relatively
lower in 2009 and 2010 than in earlier years (Fig. 4).

3 Discussion

Community aboveground biomass increased at every
N addition rate throughout the study years, although
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Fig. 3 Effects of increased N addition on aboveground biomass of plant functional groups from 2005 to 2010. PR, perennial rhizome

grasses. See Fig.2 for the other functional group abbreviations.

there were some differences between individual func-
tional groups. After a 5-year consecutive N adding,
there was no further significant increase of biomass
for 24 g N/(m>a) treatment compared to 12 g N/(m>a).
Besides, the cessation of N addition in 48 g N/(m%a)in
2009 and 2010 did not reduce the biomass which was
higher than that in lower N addition rate. These pat-
terns suggest that the aboveground biomass of the
study site (as a semi-natural species-rich grassland)
was generally limited by N while it was saturated at
12 g N/(m”-a) after 5 years of N addition, with corre-
sponding soil N content in 0—20 cm depth to be 113
kg/hm2 according to Song et al. (2011). This N satura-

tion threshold agreed well with the value (10.5 g
N/(m*-a)) from Bai et al. (2010). It should be noted
that the N accumulated in soil could lead to N eutro-
phication (Stevens et al., 2006). Eutrophication can
cause changes in the rates of soil microbial processes
(Aber et al., 2003), reduce soil pH, increase soil nu-
trient availability, and shift nutrient balance (Roem
and Berendse, 2000). Under N saturated condition, the
limitation factor may shift from N to water, phospho-
rous, or light (Xia and Wan, 2008).

In this study, both PB and PF were the dominant
species, while PR and AS accounted for only a small
proportion of the biomass. The biomass of PB was
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stimulated significantly by N addition but the species
richness of PB showed no significant change with N
addition. Both biomass and species richness of PF
were significantly reduced by higher N addition rates,
with only a weak decline in SS, PR and AS found un-
der N addition. PF increased in our plots as the years
advanced. Our results clearly show that species rich-
ness in Inner Mongolia declined strongly with in-
creasing N addition rate, which is consistent with pre-
vious studies. For example, the studies in tundra habi-
tats found that increased N availability has increased
the cover of vascular plants and decreased the cover of
bryophytes and lichens (Nilsson et al., 2002;
Soudzilovskaia et al., 2005). The same trend was
found in alpine and subalpine scrub habitats (Britton
and Fisher, 2007). However, the changes in functional
groups were different from those observed by Bai et al.
(2010). This difference was kept particularly pro-
nounced in PF which is the main functional group that
declined significantly in species richness, while
changes in other functional groups were slight in our
plots, in contrast to the sudden increase in invasion by
species of AS accompanied by a decline in species
richness according to Bai et al. (2010). Our study area
was enclosed to prevent grazing from 2001 onwards
and the grassland management may have had some

influence on the decline in species richness, but the
effects may have been small and much lower than the
effects of cumulative N deposition (Dupre et al., 2010).
The largest difference exists between two dominant
species, Stipa krylovii in our plots and Leymus chinen-
sis in the plots from the study by Bai et al. (2010),
which again highlights the site-specific dynamics.

Also in Duolun grassland station, Song et al. (2011)
found increased accumulation of soil mineral N, as an
important N resource for plant growth, may favor spe-
cies with higher N use efficiency. According to our
results, with the increase of soil N availability, PB
may grow faster than PF, leading to a relatively higher
productivity and greater height. As a result, PB, as the
dominant functional group in this temperate steppe,
suppresses the growth of other groups through compe-
titions for light, nutrient resources or water (Hautier et
al., 2009).

4 Conclusions

Our study provides further evidence that the semi-arid
temperate grassland in China was N limited and spe-
cies richness
tion/deposition. And the responses are site-specific
and species-specific. The change in species composi-

is sensitive to increased N addi-
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tion under N enrichment was mainly caused by the
decreased subdominant species diversity of PF. PB as
the dominant group significantly increased the above-
ground biomass and height under N addition regardless
of species diversity. Our results showed that N enrich-
ment would influence community structure and compo-
sition at functional level due to different species traits.
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