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Abstract Grassland communities occupy about 25 % of
global land area and global warming could alter grass-
land plant community coverage. A field study was con-
ducted to investigate the impact of soil warming (surface
soil temperature increased by 1.3 °C) and nitrogen ad-
dition (100 kg N ha™' year™') on a desert steppe com-
munity in Inner Mongolia, China, from 2006 to 2011.
Although there were strong intra- and inter-annual
variations, in general, warming had little effect on cov-
erage of the four major species (two cool season Cj
species: Convolvulus ammannii and Stipa breviflora, and
two warm season C4 species: Cleistogenes songorica and
Kochia prostrata) over six growing seasons. The C3/Cy
coverage ratio consistently decreased with warming,
with the decrease being statistically significant for one-
third of sampling dates. Warming caused a reduction
(from 27.6 to 25.1 %) in peak season total plant com-
munity coverage. N addition did not affect the four main
species, four functional groups (perennial grass, peren-
nial forb, shrub and annual-biennial) or the total plant
community over the 6 years, except when precipitation
was high (231 mm in 2008). The small reduction in plant
community coverage demonstrated the resilience of de-
sert steppe to warming. There could be a shift of C; to
C, species because of warming, as indicated by the de-
crease in C;3/C4 ratio, but confirmation of this trend
requires further study.
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Introduction

Climate change has become a worldwide concern in re-
cent years, including its impact on plant productivity
(Knapp and Smith 2001; Reynolds et al. 2004). Global
mean air temperature has increased by 0.76 °C since
1850, and is predicted to rise an additional 1.8-4.0 °C by
the end of this century (Solomon et al. 2007). Numerous
studies, such as long-term observations (Chapin et al.
1995), model simulations (Botkin et al. 2007), warming
manipulation experiments (Cornelissen et al. 2007,
Rustad 2008) and meta-analyses (Walker et al. 2006; Lin
et al. 2010a), have indicated that plant communities and
species composition are very sensitive to temperature
increases. Research has also shown that there are no
consistent responses among plant species or functional
groups to increasing temperature (Van Wijk et al. 2004;
Luo 2007).

Changes in plant species and functional groups in
response to climate warming could modify species rela-
tions (Niu and Wan 2008). For example, warming might
change species relationships directly by affecting the
proportion of dominant species in the community
(Kardol et al. 2010). Warming might also indirectly
change the composition of plant community by affecting
abiotic factors such as soil moisture, which might benefit
plant growth in temperature-limiting regions and accel-
erate net nitrogen (N) mineralization (Rustad et al. 2001;
Pefiuelas et al. 2007; Yang et al. 2011).

Lower temperatures are reported to enhance growth
of cool season Cj species, whereas higher temperatures
might benefit warm season C, species (Winslow et al.
2003). Competition between C; and C,4 photosynthetic
types is dictated by temperature during the plant grow-
ing season (Auerswald et al. 2009; Xu et al. 2014). Cli-
mate change, such as change in seasonal precipitation
(e.g., in the early part of summer) and increases in
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temperature, have been shown to benefit the expansion
of C, species over Cj species (Murphy and Bowman
2007). Warming has more variable effects on plant
functional groups and generally stimulates shrub and
forb biomass accumulation (Walker et al. 2006; Xia
et al. 2009) and reduces grass biomass (Zavaleta et al.
2003; Yang et al. 2011).

N input is an important driver of changes in terres-
trial plant community composition (Vitousek and Ho-
warth 1991). N addition can cause divergence of plant
communities by promoting the dominance of a few
species (Tilman 1993; Craine et al. 2003). Plant func-
tional groups have been used to categorize plant re-
sponses to global changes by N addition (Cleland et al.
2006; Bai et al. 2010). For example, Xia and Wan (2008)
showed that the response of grass to N addition was
more sensitive than that of forbs and semi-shrubs. A
large number of studies have found that N addition or
atmospheric N deposition affects the growth of both C;
species and C4 species, but in different fashions (Yuan
et al. 2007; Niu et al. 2008). N use and resorption by C4
species are higher in the warm summer and lower in the
cool spring and winter seasons, whereas the opposite is
true for C; species (Yuan et al. 2007).

Responses of plant communities and species compo-
sition to warming are the result of many complex, con-
gruent processes, and it is difficult to predict plant
community dynamics in the context of climate change. A
field experiment was conducted to examine the effects of
warming, N addition and their interaction on plant
community coverage in a desert steppe. The following
hypotheses were tested: (1) warming affects the plant
community structure and composition by reducing Cs
species and increasing C,4 species; (2) N addition in-
creases plant community productivity by promoting the
growth of grasses over that of forbs, similar to that re-
ported for temperate steppe by Xia and Wan (2008); and
(3) a shift from C5 to C4 might occur under a warming
environment.

Materials and methods
Study site

The study was conducted in a desert steppe in Siziwang
Banner (41°46’43.6” N, 111°53’41.7” E, 1456 m a.s.l),
Inner Mongolia, China, which has brown chestnut soil
(Haplic Calcisols according to the FAO classification).
The 50-year mean annual temperature in the study area
is 3.4 °C and the annual precipitation is approximately
280 mm (Lin et al. 2010b). The 50-year mean growing
season (May to September) temperature is 15.6 °C and
precipitation is approximately 243 mm. The dominant
plant species in the desert steppe include Stipa breviflora
Griseb (S. breviflora) and Cleistogenes songorica Roshev.
(C. songorica), with a primary productivity of
10-100 g m 2 year'. The main co-dominant species are
Convolvulus ammanni Desr. (C. ammanni), Artemisia

frigida Willd. (A. frigida), Salsola collina Pall. (S. colli-
na), Leymus chinensis (Trin.) Tzvel. (L. chinensis), Allium
tenuissimum (A. tenuissimum), Kochia prostrata (L.)
Schrad. (K. prostrata) and Caragana stenophylla Pall. (C.
stenophylla). In the experimental plots, two C; species
(S. breviflora, C. ammanni) and two C4 species (C. son-
gorica, K. prostrata) were the dominant plant species,
accounting for 80 % of total plant coverage.

Experimental design

The experiment used a paired, split-plot design with
warming as the main plot and N addition as the subplot.
There were six pairs of 3 X 4-m main plots (each pair
forming a block), in which one plot was assigned for the
warming treatment (W) and the other one for control
treatment (Wy). The plot was divided into two 2 X 3-m
subplots, one of which was randomly assigned for no N
addition (Ny) and the other for N addition treatment
(N4). For the N addition treatment, N (NH4NO;) was
broadcast at a rate of 10 g N m 2 year ' (or 100 kg
N ha! year ") and applied on June 23 2006, July 1
2007, June 26 2008, June 30 2009, July 2 2010 and June
28 2011.

The warming plots had been heated continuously
since May 2006 by using 165 x 15-cm MSR-2420 in-
frared radiators (Kalgo Electronics, Bethlehem, PA,
USA, power: 2000 W), which were suspended 2.25 m
above the ground. ‘Dummy’ heaters (not powered) of
the same shape and size as the infrared radiator were
installed in the control plots to ensure that both the
treatment and control plots were subjected to the same
shading effect by the heaters. The surface soil tem-
perature (0 cm) in the W treatment was 1.3 °C higher
than the control (Wy) (Wang et al. 2011).

Vegetation sampling

One permanent 1 X 1-m quadrat was established in each
of the 24 subplots in June 2006. Plant species community
was surveyed in each quadrat every month from May to
September each year. A 1 x 1-m frame, subdivided into
10 x 10-cm grids, was placed during measurement on
top of the canopy in each permanent quadrat to measure
vegetation coverage. In all permanent quadrats, the
percent coverage of each species was estimated by
summing the coverage of that species in each 10 x 10-cm
grid. Plant species in the subplots were grouped into four
plant functional communities: forbs, grasses, semi-
shrubs, and annual-biennials (short-lived <2 years;
Jiao et al. 2006; Bai et al. 2008).

Data analysis

The coverage ratio of C; to Cy4 species was calculated as
the sum of coverage of S. breviflora and C. ammanni



divided by the sum of coverage of C. songorica and K.
prostrata. Coverage data were analyzed for dominant
species, functional groups, and the total coverage.
Analyses were conducted separately for each sampling
date, using a split plot design in PROC MIXED of SAS
(SAS Institute Inc., 2010) with warming, N addition and
their interaction as fixed effects. Data from August, the
month in which annual maximum coverage is normally
reached, was used to examine the effect of experimental
year, with year treated as a repeated measurement using
the heterogeneous auto-regressive covariance structure
in the model. The UNIVARIATE procedure (SAS In-
stitute Inc., 2010) was used to check the residuals for
normality and potential outliers, and outliers were re-
moved prior to all statistical analyses. The Kenward-
Rogers method was used to adjust denominator degree
of freedom. When fixed effects were significant, means
were identified using the protected least significant dif-
ference (LSD) test of the LSMEANS procedure. Simple
correlation was used to assess relationships between
monthly coverage, monthly cumulative precipitation,
and mean temperature.

Results
Precipitation and temperature

During the experimental period, precipitation in the
growing season (May—September) was 133, 129, 210,
151, 164, and 130 mm for the years from 2006 to 2011,
respectively, which were 53-86 % of the long-term av-
erage (243 mm). The average growing season tem-
peratures were 17.3, 17.0, 15.3, 15.9, 18.0 and 15.9 °C
from 2006 to 2011, respectively, and ranged from 0.3 °C
below to 2.4 °C above the long-term average (15.6 °C;
Fig. 1a).

Coverage of two main Cj species

S. breviflora coverage ranged from 0.9 % (June 2011) to
9.2 % (June 2009) and was affected by warming, N
addition and their interactions on 17 out of 29 sampling
dates (Fig. 1b). Warming significantly decreased S.
breviflora coverage in July 2007, July and September,
2008, July and August, 2009, June 2010 and July 2011
(P < 0.05). N addition significantly decreased S. bre-
viflora coverage in August and September 2010, and
May and August 2011 (P < 0.05, Fig. 1b), whereas S.
breviflora coverage increased with N addition in July
2009 (Fig. 1a). The combination (interaction) of warm-
ing and N addition significantly decreased S. breviflora
coverage in August 2006, August 2009, June and
September 2010 and June 2011. S. breviflora coverage at
peak production was significantly different and was af-
fected by sampling year and the interaction of N addi-
tion and sampling year (Table 1). The peak coverage
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was greatest in 2008 and lowest in 2011 (Table 1). N
addition decreased coverage of S. breviflora under
warming conditions in 2006 (Table 2).

C. ammannii coverage ranged from 0.3 % (May 2010)
to 14.0 % (August 2006) (Fig. 1c). Warming only sig-
nificantly decreased C. ammannii coverage in August,
2008 (P < 0.05, Fig. lc). Peak production C. ammannii
coverage was significantly different in different sampling
years, with the highest values in 2006 (8.7 %) and the
lowest values in 2011 (2.5 %) (Table 1).

Coverage of two main warm season C4 species

C. songorica coverage ranged from 0.0 % (September
2010) to 10.9 % (September 2006) and was generally not
significantly affected by warming, N addition and their
interactions, except on six sampling dates (Fig. 1d). C.
songorica coverage increased significantly with warming
in May and September 2010, but decreased with
warming in May 2011 (P < 0.05). C. songorica coverage
increased with N addition in September 2011 (P < 0.05,
Fig. 1d). C. songorica coverage at peak production was
significantly different in different years, with values
ranked in the order: 2006 (8.4 %) and 2008 (7.9 %)
>2007 (3.9 %) and 2010 (4.5 %) >2009 (1.7 %), and
2011 (1.7 %; P < 0.05, Table 1).

K. prostrata coverage was less variable (0.2-7.9 %)
than C. songorica and was only significantly affected by
warming and N addition interaction on one sampling
date (July 2010; P < 0.05, Fig. le). Similar to C. son-
gorica coverage, the peak K. prostrata coverage varied
from year to year, with the largest values in 2006 (3.8 %)
and the lowest in 2007 (1.2 %; Table 1).

C3/C4 coverage ratio

The ratios for W, were significantly lower than for the
Wy treatment in July and September 2006, September
2007, July 2008, June 2009 and May, June, July and
September 2010 (P < 0.05, Table 3). There was an ex-
ception in May 2011 when the C;/C4 ratio of W, was
higher than that of W,. Compared with the effects of
warming, the C5/C4 ratio was less affected by N addi-
tion; the ratio increased with N addition on two occa-
sions (September 2007 and June 2009) and decreased
with N addition on three occasions (September 2006,
2009 and 2010; Table 3).

Functional groups and plant community coverage

Perennial grass coverage was significantly affected by
warming, N addition and their interaction on seven out
of 29 sampling dates (P < 0.05, Fig. 2a). For example,
perennial grass coverage decreased by 2-4 % with
warming in July 2007, September 2008, and July and
August 2009, and by 0.9 % with N addition in July 2011
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Fig. 1 Growing season monthly temperature and precipitation and
responses of seasonal coverage of two Cj species (Stipa breviflora
Griseb., Convolvulus ammanni Desr.) and two Cy species (Cleisto-
genes songorica Roshev., Kochia prostrata L. Schrad.) to warming

(Fig. 2a). The interaction of warming and N addition
significantly decreased perennial grass coverage in Au-
gust 2006 and June 2010 (Fig. 2a). Perennial grass cov-
erage at peak production (i.e., August each year) was

MMy ISy I R P R,
3328 |23328|2332 383323123328 23328
2006 2007 2008 2009 2010 2011

(W), nitrogen addition (N) and their interactions from 2006 to 2011
(WoNy = control and no N addition, W N, = warming and no
N addition, WoN, = control and N addition, W N, = warm-
ing and N addition)

not affected by warming or N addition, but was sig-
nificantly different in different years, with the greatest
value in 2008 (15.6 %) and lowest value in 2011 (3.8 %;
P < 0.05, Table 4).
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Table 1 Peak season coverage response (data collected at peak productivity time in August each year) of two Cj (Stipa breviflora and
Convolvulus ammannii) and two Cy (Cleistogenes songorica and Kochia prostrata) species to warming, nitrogen addition and experimental

year in a desert steppe

Effect Level C3 C4
Stipa breviflora Convolvulus ammannii Cleistogenes songorica Kochia prostrata
%
Warming (W) Wy 4.7a 5.7a 4.7a 2.4a
W, 3.9a 4.1b 4.7a 3.1a
Nitrogen addition (N) Ny 4.4a 4.9a 4.5a 2.6a
N, 4.2a 4.9a 4.9a 2.9a
Year (Y) 2006 5.2b 8.7a 8.4a 3.8a
2007 2.5¢ 3.9b 3.9b 1.2d
2008 7.6a 7.1a 7.9a 2.2¢
2009 4.0b 3.3bc 1.7¢ 3.2ab
2010 4.3b 3.9b 4.5b 3.5a
2011 2.1c 2.5¢ 1.7¢ 2.5bc
ANOVA Probability level
W 0.097 0.007 0.94 0.378
N 0.606 0.938 0.52 0.691
Y <0.001 <0.001 <0.001 <0.001
W x N 0.069 0.107 0.816 0.245
WxY 0.109 0.372 0.312 0.188
NxY 0.025 0.986 0.920 0.101
WxNxY 0.013 0.680 0.728 0.655

Bold values are significant (P < 0.05)

For each parameter, data in a column followed by a different lower case letter indicates significant difference at 0.05 probability level based

on protected LSD test

Table 2 Interactive effect (data collected at peak productivity time in August each year) of warming (W), nitrogen addition (N) and

sampling year on Stipa breviflora coverage (C;) at peak production

Year W, W,
Ny N, Ny N,

2006 4.6b 6.4b 7.3aA 2.5bB
2007 2.3¢ 3.2de 2.1¢c 2.5b
2008 7.6a 8.5a 6.6a 7.7a
2009 4.1bc 5.9bc 3.2bc 2.8b
2010 5.3b 4.4cd 4.6b 3.0b
2011 2.4c¢ 1.5e 2.8bc 1.6b

For each parameter, data in a column followed by a different lower case letter indicates significant difference at 0.05 probability level based

on protected LSD test

Data in a row followed by different upper case letters are difference at 0.05 probability level based on protected LSD test

Perennial forb coverage ranged from 1.9 % (June
2007) to 21.1 % (August 2006). Perennial forb coverage
was significantly affected by warming, N addition and
their interactions on only four out of 29 sampling dates
over the 6 years (P < 0.05, Fig. 2b). Perennial forb
coverage decreased significantly with warming in
September 2007 (1.4 %), but increased in May 2010
(0.9 %; P < 0.05). Perennial forb coverage also in-
creased with N addition in August 2010 (P < 0.05,
Fig. 2b). Perennial forb coverage at peak production
varied significantly from year to year, with the greatest
value in 2006 (18.6 %) and the lowest in 2007 and 2009
(6.0 %; P < 0.05, Table 4).

Shrub coverage was less variable in comparison with
perennial forbs, ranging from 0.2 % (May 2010) to
6.9 % (September 2011) over the 6 years, and significant
interaction effect of warming and N addition was ob-

served only once out of 29 sampling dates (July 2010;
Fig. 2¢). The magnitude of variation at peak production
(August each year) was small, ranging from 1.5 % in
2007 to 4.6 % in 2006 (P < 0.05, Table 4). Similarly,
annual-biennial coverage was less than 5.3 % on most
sampling dates, except in August and September 2008
when coverage was between 11.0 and 21.3 %, coinciding
with the above-average precipitation in August of that
year. Annual-biennial coverage was also not sig-
nificantly affected by warming, N addition or their in-
teraction (Fig. 2d), but varied significantly with year
(P < 0.05, Table 4). Annual-biennial coverage at peak
production was highest in 2008 (17.3 %) and lowest in
2009 (0.1 %; Table 4).

The total plant coverage ranged from as low as 4.6 %
in May 2011 to as high as 52.2 % in August 2008
(Fig. 2e). The total plant coverage was significantly af-
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Table 3 Effect of warming (W) and nitrogen addition (N) on C3/C4 coverage ratio

2006 2007 2008 2009 2010 2011

W, W, W, W, W, W, W, W, W, W, W, W,
May 7.0 3.9 2.7 2 42 2.3 10.0a 4.5b 3.5b 7.7a
June 3.0 2.4 34 2.4 2.6 1 5.8a 2.2b 4.52 2.1b 1.4 2.1
July 1.4a 0.9b 1.6 1.3 1.6a 0.8b 1.9 1.4 1.8a 0.9b 1.0 1.2
Aug. L5 1.4 1.4 1.4 1.9 1 2.5 1.7 1.4 0.9 1.4 2.2
Sept. 2.0a 0.8b 2.4a 1.0b 3.5 1 3.5 23 7.5a 1.7b 0.4 0.5

2006 2007 2008 2009 2010 2011

No N, No N. No N, No N. No N. No N.
May 43 6.3 2.4 2.3 3.3 3.2 7.0 7.9 7.4 3.8
June 2.0 3.4 2.5 3.1 2.0 2.4 3.0b 5.8a 3.2 3.4 2.1 1.4
July 1.2 1.1 1.4 1.4 1.2 1.3 1.5 1.9 1.2 1.4 1.2 1.0
Aug. 1.6 1.3 1.2 1.6 1.6 1.6 2.0 23 1.2 1.2 2.1 1.5
Sept. 1.8a 0.9b 1.0b 2.4a 2.9 2.4 7.5a 2.6b 7.5a 2.6b 0.5 0.4

C;/C, ratio was affected by warming (P < 0.05) in July and September 2006, July 2008, May, June, July and September 2010 and May
2011; and by warming X nitrogen addition interaction in September 2006, September 2007, June 2008, and September 2010
Data in a column followed by a different lower case letters indicates significant difference at 0.05 probability level based on protected LSD

test

fected by warming on four occasions and by N addition
on two occasions (P < 0.05). Warming significantly
decreased plant community coverage in May and July
2008 and in June and July 2009, whereas N addition
significantly increased plant community coverage in
August and September 2008 (Fig. 2e), when monthly
precipitation was above the normal (Fig. 1a). The total
coverage at peak production was significantly affected
by warming and sampling year, with an overall average
of 25.1 % coverage for warming treatments, which was
2.5 % lower than without warming (27.6 % coverage;
P < 0.05). Over the 6 years, total plant coverage fol-
lowed the order of: 2008 (47.8 %), 2006 (37.5 %), 2010
(22.9 %), 2007 (18.2 %), 2009 (15.8 %), and 2011
(15.8 %; Table 4), which is consistent with the amount
of precipitation over the growing season in each year
(Fig. 1a).

Impact of weather conditions

Simple regression analysis revealed that the four main
species, four functional groups and total community
monthly coverage were not significantly correlated to
monthly average temperature (r < 0.296, P > 0.05,
n = 29). Coverage of the three main species (C. son-
gorica, C. ammannii, and K. prostrata), functional
groups, and monthly total community coverage were
positively  correlated to monthly precipitation
(r = 0.3491t00.547, P < 0.05,n = 29). The monthly S.
breviflora coverage was not correlated to monthly pre-
cipitation (r < 0.290, n = 29). The changes in coverage
induced by N addition were positively correlated to
monthly precipitation for annual-biennials (r = 0.335,
P < 0.05,n = 29).

Discussion
Plant species responses

The small reduction in coverage of the two main Cs
species (S. breviflora and C. ammannii) caused by
elevated temperature over 6 years (Table 1) supported
our hypothesis that warming reduced Cs species growth.
Increased coverage of two Cy4 species (C. songorica and
K. prostrata) was reported in two previous studies in
Inner Mongolian steppes (Auerswald et al. 2009; Hou
et al. 2013), however, the increase in C4 species was only
observed on two out of 29 sampling dates over the
6 years in this study. This insignificant warming effect on
C,4 species coverage was possibly because of the below-
normal precipitation over the 6-year period
(159-231 mm compared with the long-term average of
280 mm).

Both the increase in temperature (ground tem-
perature increased by 1.3 °C) and low annual pre-
cipitation over the 6-year study period might have co-
limited expansion of C4 plant species in the plant com-
munity. N addition did not generally enhance the cov-
erage of either C; or Cy4 plant species. This might also be
attributed to the relatively low rainfall. It was observed
that S. breviflora (14.6 %, C;) and C. songorica (14.9 %,
C,4) coverages were increased by warming only when
rainfall was higher in 2008, suggesting that N effects on
biomass production were limited by water availability in
this desert steppe (Fig. 1).

The observed decreases in C3/Cy4 ratio with warming
in the early and late growing seasons are consistent with
previous results (Murphy and Bowman 2007; Auerswald
et al. 2009), indicating that climate warming might play
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an important role in shifting the C;/Cy4 ratio in desert

weakly correlated to the C;/Cy4 ratio. The increases in

steppes. Although N addition had less effect on the C;3/ C3/C,4 ratio caused by N addition were observed on two

C, ratio than precipitation, precipitation could be

occasions that were associated with relatively higher
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Table 4 Peak season coverage response (data collected at peak productivity time in August each year) of perennial grass (PG), perennial
forbs (PF), shrubs (SB), annual-biennials (AB) and total plant community cover, to warming (W), nitrogen addition (N) and experimental

year in a desert steppe

Effect Level PG PF SB AB Total plant community
%
Warming (W) Wo 9.4a 10.6a 3.5a 4.0a 27.6a
W, 8.5a 9.2a 3.5a 3.7a 25.1b
Nitrogen addition (N) No 8.9a 9.6a 3.6a 3.7a 25.9a
N4 9.1a 10.2a 3.4a 4.0a 26.8a
Year (Y) 2006 13.6b 18.6a 4.6a 0.7¢c 37.5b
2007 6.4d 6.0e 1.5¢ 4.2b 18.2d
2008 15.6a 11.7b 3.2b 17.3a 47.8a
2009 5.7d 6.0e 4.0a 0.1d 15.8¢
2010 8.8¢c 9.3¢c 4.2a 0.6¢c 22.9¢c
2011 3.8e 7.9d 3.5ab 0.4c 15.8e
ANOVA Probability level
\ 0.231 0.053 0.944 0.603 0.008
N 0.687 0.295 0.882 0.608 0.314
Y <0.001 <0.001 <0.001 <0.001 <0.001
W x N 0.230 0.592 0.212 0.824 0.606
WxY 0.191 0.155 0.504 0.630 0.080
NxY 0.291 0.928 0.806 0.740 0.468
WXxNXxY 0.085 0.530 0.570 0.548 0.890

Bold values are significant (P < 0.05)

For each parameter, data in a column followed by a different lower case letters indicates significant difference at 0.05 probability level

based on protected LSD test

precipitation (35.2 mm in September 2008 and 46.6 mm
in June 2009), whereas decreases in the C;/C4 ratio with
N addition corresponded to relatively low precipitation
(18.8 mm in September 2006, 23.1 mm in September
2009 and 32 mm in September 2010, respectively,
Fig. 1a). It seemed that precipitation and temperature
co-limited changes in the C3/Cy4 ratio in the early and
late growing seasons in the desert steppe. Our observa-
tions revealed the importance of precipitation in mod-
erating the response of the C;/C4 ratio to N addition.
The measured C;3/C, ratios in the early and late growing
seasons from 2006 to 2010 (Table 3) suggested that the
C;/C4 ratio could be used as an indicator for the re-
sponse of desert steppes to global warming. These
warming-induced changes in species composition were
consistent with a previous study conducted in grasslands
in northern China (Xu et al. 2014).

Plant functional-group responses

On four (July 2007, September 2008, and July and Au-
gust 2009) out of 29 sampling dates where perennial
grass coverage decreased (2-4 %; Fig. 2a), the reduction
in coverage mainly reflected decreases in S. breviflora
coverage (Fig. 1b). The lack of warming effects on
shrubs and annual-biennials on most sampling dates,
and on some sampling dates for perennial grass and
forbs over the study period reflected the resilient nature
of desert steppe. This observation was similar to results
reported by Jiao et al. (2006). Warming had insignificant
effects for 29 sampling dates on the coverage of peren-
nial forbs and shrubs, such as C. ammannii (forb, except
in September 2007) and K. prostrata (semi-shrub).

In months with relatively low precipitation (except in
2008), annual-biennials were unable to take advantage
of N addition, because of insufficient soil water content
which affected germination. In contrast, drought-toler-
ant perennial plants, such as perennial grasses and
perennial forbs, became increasingly dominant with high
recruitment rates (Fig. 2a, b or Table 4). These plants
benefited most from N addition (Bai et al. 2010). In
relatively high precipitation months (e.g., 84 mm in
August 2008), N addition accelerated the expansion of
annual-biennial plant species (Bai et al. 2010), which
became more dominant than perennial plant functional
groups (Fig. 2). This observation indicated that tempo-
ral variation in rainfall could interact with N addition to
affect species composition.

Community responses

The seasonal variations in total plant community cov-
erage observed over 6 years (2006-2011) and the positive
correlation between monthly coverage and precipitation
demonstrated that precipitation determined annual
variation of plant community coverage in the desert
steppe. Seasonal variation of four main species also
showed a similar trend. Our results were in agreement
with previous studies for temperate steppes in China
(Xia et al. 2009; Niu et al. 2010) and elsewhere (Aires
et al. 2008), in which annual mean precipitation was
associated with large year-to-year fluctuations in plant
community coverage (Heisler-White et al. 2008).
Therefore, the observations in our study confirmed the
importance of precipitation in regulating plant com-
munity coverage in desert steppes.



A small reduction (2.5 %) in plant community cov-
erage with warming (ground temperature increased by
1.3 °C) over 6 years in the desert steppe was consistent
with results reported by others for temperate grasslands
(Harmens et al. 2004; Xia et al. 2009) and for arctic and
subarctic ecosystems (Weltzin et al. 2003). However,
contrary to a recent study on temperate grasslands
(Yang et al. 2011; Walker et al. 2006; Post and Pedersen
2008), our results showed a decrease in plant community
coverage linked to dramatic reduction in dominant
species coverage. The observed small reductions in plant
community coverage (2.5 %) with warming mainly re-
flected changes in S. breviflora coverage over the 6 years.
Our results suggested that the plant functional group or
key species was a good indicator to predict community
responses to climate warming in the desert steppes where
species diversity is low.

N addition had variable impact on plant community
coverage in the desert steppe mainly because of variation
in the amount of precipitation over the growing season.
N addition led to increases in plant community coverage
when precipitation was close to or above the long-term
average, whereas N addition did not affect or even re-
duced community coverage when monthly precipitation
was below the long-term average. The effects of N ad-
dition were precipitation-dependent because plant com-
munity coverage relies on the availability of water
(Harpole et al. 2007). Our results were consistent with
previous reports for a temperate steppe (Xia et al. 2009;
Niu et al. 2010). Our results also suggested that the effect
of N addition on key plant species contributed to var-
iation in plant community coverage in the desert steppe.
In summary, our data collected over 6 years partially
confirmed the hypothesis that N addition would increase
plant community coverage by improving soil fertility,
but only when there was sufficient precipitation.

Management implications

Climate change has the potential to alter competitive
interactions among plant species and dominance hier-
archies because of the different responses of plant species
and functional groups to warming. For the four main
species assessed on 29 sampling dates over 6 years,
warming reduced coverage on seven (7) sampling dates
for S. breviflora, two (2) sampling dates for C. songorica
and one (1) sampling date for C. ammannii, while there
was no effect on K. prostrata. Warming induced mar-
ginal changes in high nutritional value herbages (i.e., S.
breviflora, C. songorica and K. prostrata). The small
(2.5 %) reduction in plant community coverage over the
6 years suggested that warming (temperature increased
by 1.3 °C) will have minimum impact on herbage sup-
ply.

Although N is severely deficient in desert steppes, N
utilization strongly depends on the amount of pre-
cipitation in the growing season. N addition was in-
creased immensely plant community coverage in 2008
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when precipitation was relatively high, however plant
community coverage did not respond to N addition in
other years, suggesting that supplying extra N will not
necessarily increase herbage supply.

Conclusions

Warming over 6 years had no significant effect on
shrubs and annual-biennials, but resulted in small re-
ductions in perennial forbs and grasses and total plant
community coverage. Our results suggested that global
warming would cause a minimal reduction in plant
coverage in desert steppes, as this ecosystem is very re-
silient. The effect of N addition on plant coverage was
minimal, and small increases were observed only when
monthly precipitation was above or close to the long-
term average. Warming could shift C; to C4 species in
this desert steppe, as indicated by the decrease in C3/Cy
ratio with warming, but confirmation of this trend re-
quires further investigation in future studies.
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