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Abstract. Understanding the relationship between the aboveground net primary production (ANPP) and annual
precipitation in arid and semiarid grasslands is crucial for assessing the effects of climate change on grassland
ecosystems. The temporal pattern of ANPP, based on long-term data on a semiarid ecosystem in Inner Mongolia, was
investigated. The biomass of perennial grasses, perennial forbs and Stipa grandis P. Smirn., showed a positive
relationship with annual precipitation. The amount of annual precipitation also changed the annual biomass of 13 other
dominant species and consequently the ANPP. The coefficient of variation of the ANPP of the plant community was
lower than the coefficient of variation of annual precipitation. Irrespective of the strong inter-annual variation in annual
precipitation, the positive relationship found between ANPP and annual precipitation suggests the dependence of
ANPP upon hydrological variations in typical steppe. Our findings highlight the importance of dominant perennial
species and functional groups in mediating the responses of ANPP to annual precipitation in the typical steppe in

northern China.
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Introduction

Global climate change resulting from anthropogenic activities is
occurring (Solomon et al. 2007), including shifts in precipitation
regimes and increasing extreme rainfall events. Precipitation is
a critical factor affecting plant growth and could well alter inter-
specific relationships among plant species (Niu et al. 2007). The
fluctuations and cyclical variations in precipitation are closely
related to net primary productivity and biomass allocation
(Huxman et al. 2004). These changes in community structure
and composition are likely to have consequent effects on
ecosystem functioning (Tilman et al. 1997) and potentially feed
back to climate change (Chapin et al. 2005).

Overgrazing is one of the most important human-induced
causes for arid and semiarid grassland degradation, which
reduces vegetation cover, increases the abundance of undesirable
species, reduces species diversity and destroys soil structure
(Lietal.2006; Zhou et al. 2011; Louhaichi et al. 2012). However,
fencing and the exclusion of domestic livestock is the most
common management tool used for restoring vegetation
productivity in degraded grassland throughout the world
(Spooner et al. 2002; Liu et al. 2007). Fencing, as a method of
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restoring rangelands, has been implemented in many areas in
China, including desert steppe (Li et al. 2008) and semiarid
steppe (Bai et al. 2004; Deng et al. 2014). The effect of livestock
exclusion on grasslands has been studied with a focus on plant
diversity, community structure and productivity (Gibson et al.
2000; Wu et al. 2009; Deng et al. 2014). Livestock exclusion
has major effects on ecosystem processes, which vary in
different grasslands (Pettit et al. 1995; Reeves 2000), and
consequently the results are difficult to predict (Spooner et al.
2002).

The existence of a long-term (29 years) fenced exclosure in
a typical steppe region has provided an opportunity to better
understand the effect of grazing exclusion on several aspects
of grassland production. The general objective was to better
understand several aspects of the dynamics of grassland
production in response to precipitation fluctuations during
1981-2011 in the absence of livestock grazing. We addressed
the following questions: (1) how does the aboveground net
primary production (ANPP) of the grassland change with the
annual variation in precipitation, and (2) how do the plant
functional group composition and the contributions of the
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dominant species change with the annual variation in the
precipitation?

Materials and methods
Study sites and field sampling

The fenced grassland used in this study, covered an area of
~26.6ha and was a permanent field site located in typical
steppe in the Baiyinxile ranch, Xilinguole of Inner Mongolia,
China (115°32'E-116°12'E, 43°26'N-43°39'N). Mean annual
temperature is 0.7°C and mean annual precipitation is ~350 mm,
which falls mainly in the summer from June to August. The
growing season runs from early April to late September for
perennial plant species. The dominant species in the plant
community were Leymus chinensis (Trin.) Tzvel. and Stipa
grandis P. Smirn., accompanied by, principally, Achnatherum
sibiricum (Linn.) Keng, Agropyron critsatum (L.) P. Beauv.,
Caragana microphylla Lam., Artemisia commutata Besser,
Carex korshinskyi Kom., Kochia prostrata (L.) Schrad.,
Serratula centauroides L., Cleistogenes squarrosa (Trin.)
Keng, Koeleria cristata (L.) Pers., Artemisia frigida Willd. Sp. P1.
and Potentilla bifurca L. This community is representative of
one of the most widely distributed grasslands in the Eurasian
steppes. The site had been fenced off, preventing grazing by
domestic animals since 1979. At the time of enclosure, the site
was considered to be in excellent condition, and representative
of an undisturbed community. Soils were classified as Calcic
Chernozems (IUSS Working Group WRB 2006). A different
50 x 50 m-sample area was selected within the fenced exclosure
each year and 20 x 1-m? quadrats were randomly placed
within this area for sampling. Care was taken to ensure that the
50 x 50-m sample area chosen in any one year had not been
sampled in previous years.

ANPP was measured in late August each year by clipping all
living vascular plant material to ground level within 1 m x 1 m
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quadrats that were randomly located within plots in 1981-1994
and 1997-2011. No data were collected in 1995-1996. The
clipped material represented the total growth since the beginning
of the growing season each year. The harvested material was
sorted into species, oven-dried at 65°C for 48h and then
weighed. The dry mass of all plant species m 2 averaged over
the 20 sampling plots was used to estimate the aboveground
community biomass, which approximated the ANPP of the
grassland ecosystem. Plant species in the sample plots were
grouped into four plant functional groups: perennial grasses,
perennial forbs, shrubs and semi-shrubs, and annuals-biennials
(short-lived <2 years) (Bai et al. 2008). All meteorological
data were obtained from the Xilinhot weather station.

Data analyses

The coefficient of variation (CV) was calculated as: CV=
(standard deviation/mean) x 100% for each of the attributes
listed above. Rain-use efficiency was calculated directly as the
ratio of ANPP to precipitation (RUE = ANPP/Precipitation). The
effects of annual precipitation on total ANPP, the biomass of
the functional groups and dominant species were analysed using
one-way ANOVA with P=0.05 as the level of significance.
Linear regression analysis was used to evaluate the relationships
of annual precipitation with the ANPP of the plant community,
and the biomass of the different functional groups and the
dominant species. Linear regression analysis was also used to
examine the relationship between RUE and the biomass of
dominant species, RUE and annual precipitation, species
richness and ANPP, and species richness and annual
precipitation. Stepwise multiple linear analyses were used to
examine the relationships of ANPP with the biomass of forbs,
grasses, shrubs and semi-shrubs, and annual-biennials. All
statistical analyses were conducted using SAS software version
9.1 (SAS Institute 2003).
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Note: (a) LC, L. chinensis; SG, S. grandis; AS, A. sibiricum; AC, A. cristatum; CM, C. microphylla; ACM;
A. commutate; CK, C. korshinskyi; KP, K. prostrata; SC, S. centauroides; CS, C. squarrosa;

KC, K. cristata; AF, A. frigida; PB, P. bifurca; OS, other species. (b) PG: perennial grass; PF:

perennial forbs; SS: shrubs and semi-shrubs; AB, annual and biennials.

Fig. 1.

The contribution of (@) individual plant species and (b) functional groups to the aboveground biomass.
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Results
Plant species recorded in the community

Seventy-seven plant species were recorded in the study and of
these, 13 each contributed >1% of the biomass and together
accounted for 90.3% of the total biomass of the community
(Fig. la). Among these 13 species, the matrix species,
L. chinensis, and the dominant species, S. grandis, each
contributed more than 20.0% and the first five most abundant
species accounted for 70.3% of the total community biomass.
The percentages of the biomass contributed by the different
functional groups were perennial grasses (73.0%)> perennial
forbs (14.1%)> shrubs (10.1%) > annual and biennials (2.8%)
(Fig. 1b).

Compared with the other plant species, the CV for the
biomass of S. grandis was the smallest and that of the other
species the largest (Table 1). The CV of the ANPP of the
plant community was the smallest with the CV of the annual
precipitation slightly larger (Table 1). The CV of the biomass
of the functional groups was in the order of perennial
grasses (29.6%) > shrubs-semi-shrubs (45.1%) > perennial forbs
(73.3%) > annual and biennials (133.6%) (Table 1).

The effects of annual precipitation on the dominant
species, functional groups and ANPP

Dominant species

The annual biomass of S. grandis increased with increasing
precipitation (R*=0.32, P=0.001; Fig. 2a), whereas its RUE
decreased with increasing precipitation over the 29 years
(R*=0.22, P=0.009; Fig. 3a). Our results also showed that the
annual biomass of S. grandis was positively correlated with
precipitation in the periods of January—August, April-August,
April-July and January—July (Table 2). No relationship was
detected for annual biomass of L. chinensis and annual
precipitation (Fig. 20) but the total biomass of the 13 most
abundant species did increase significantly with increasing
rainfall (Fig. 2¢). Annual biomass of L. chinensis was positively
correlated with precipitation in the periods of January—August,
April-August, April-July and January—July (Table 2). A
marginally positively relationship was detected between annual
biomass of S. centauroides and January—August precipitation as
well as marginally positively correlations for annual biomass of
K. cristata with precipitation in the periods of January—August
and April-August (Table 2).

Functional groups

Across the 29 years of observation, the annual biomass of
perennial grasses (R>=0.40, P=0.0002; Fig. 2d) and the annual

Table 1.
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biomass of perennial forbs (R*=0.26, P=0.005; Fig. 2e)
showed a linear increase with annual precipitation, whereas no
relationship was found between annual precipitation and the
annual biomass of shrubs (Fig. 2f), or annual precipitation and
the annual biomass of annuals and biennials (Fig. 2g). The
annual biomass of perennial grasses and perennial forbs also
showed a linear increase with precipitation in the periods of
January—August, April-August, April-July and January—July
(Table 2).

Plant communities

Our analysis of the 29 years showed that the ANPP
increased linearly with annual precipitation (R*=0.48, P < 0.001;
Fig. 2h). The RUE decreased with increasing annual
precipitation across the 29 years of observation (Fig. 3b). The
ANPP was positively correlated with precipitation in the
periods of January—August, April-August, April-July and
January—July (Table 2). Stepwise multiple regression analyses
demonstrated that 94.8% of the variation in ANPP could be
explained by a combination of the annual biomass of perennial
grasses (partial R*=0.84, P<0.001) and perennial forbs (partial
R*=0.11, P<0.001) over 29 years. Plant species richness
increased with increasing annual precipitation (R*=0.15,
P=0.037; Fig. 4a), and a positive linear relationship was
detected between species richness and ANPP (R*=0.34,
P<0.001; Fig. 4b).

Discussion

Mechanisms of stability in biomass production
of the grassland community

It has been proposed that the complementary effects that
species or functional groups have on diversity and the mutual
compensation effect of resource utilisation among species
or functional groups maintains the stability of community
productivity (Bai et al. 2004; Firn et al. 2007). However, in
our study, the stability of community productivity mainly
depended on one or several dominant species and our results
supported the idea that communities with higher species
richness were more productive probably because such
communities are more likely to contain high-yielding
dominant species (Bell ef al. 2005). Our results also supported
the notion that high species richness maintained the
stability of plant communities in terms of their functioning
and productivity (Tilman 1993). Moreover, the perennial
grasses may have contributed to the high ANPP and the low
CV of ANPP, whereas the variable growth of annuals and

The coefficients of variation (CV %) of the biomass of the 13 most abundant plant species, and the functional groups (PG: perennial

grasses, PF: perennial forbs, SS: shrubs and semi-shrubs, AB: annuals and biennials), and aboveground net primary production (ANPP) of the
community, and precipitation

Indicators CV (%) Indicators CV (%) Indicators CV (%) Indicators CV (%)
L. chinensis 72.1 A. commutata 154.7 K. cristata 102.3 PF 73.3
S. grandis 42.8 C. korshinskyi 93.8 A. fridida 128.7 SS 45.1
A. sibiricum 54.8 K. prostrata 89.9 P. bifurca 115.2 AB 133.6
A. cristatum 81.3 S. centauroides 118.4 Other species 100.8-538.5 ANPP 28.0
C. microphylla 78.8 C. squarrosa 171.7 PG 29.6 Precipitation 30.4
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biennials would have contributed little in our study
(Table 2, Fig. 1b). Our results suggested community matrix
species, dominant species and perennial grasses maintain
community stability.
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Table 2.
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Plant species and functional group-level responses
to annual precipitation

Our results demonstrated that the responses of individual
species to annual precipitation were highly variable and changed
with time, for example as demonstrated by the positive linear
correlation found between the biomass of S. grandis and annual
precipitation (Fig. 2a), whereas no such relationship was
detected for L. chinensis. Bai et al. (2004) concluded that
compensatory effects at the species level are important in
grassland communities and reductions of biomass of one
species are invariably compensated for by increases from other
species (Tilman 1999). However, there have been inconsistencies
in the ways that different species contribute to community
biomass in previous studies. Our results revealed that the
responses of dominant species to annual precipitation had
important effects on plant community biomass in that S. grandis
and L. chinensis, together, accounted for 46.9% of the total
aboveground biomass, and their precipitation utilisation within
the community was dominant in contributing to the biomass of
the community.

Based on our original hypothesis, different plant functional
groups should have shown different responses to annual
precipitation. A positive linear relationship was found between
precipitation and perennial grasses, and perennial forbs, whereas
no relationship was shown between annual precipitation and
shrubs or annuals and biennials (Fig. 2d, e, f/ and g). The
responses of different functional groups appeared to be driven
by the dominant and subdominant species as well as by
species interactions. For example, with increasing precipitation
(Table 2), enhanced biomass of S. grandis and L. chinensis
resulted in an increase in the biomass of perennial grasses
irrespective of the small changes in other species. This might be
attributable to competitive interactions with the other species
and their intrinsically low competitive abilities because the
two main perennial grass species are tall and have a high
productivity (Fanselow et al. 2011). Our results further
showed that the effect of annual precipitation on the biomass
of functional groups was mainly due to the responses of the
following 13 key species of grasses (S. grandis, L. chinensis,
A. sibiricum, A. cristatum, C. korshinskyi, C. squarrosa,
K. cristata), forbs (S. centauroides and P. bifurca), shrub
(C. microphylla, K. prostrata and A. frigida) and annuals and

Correlations between the biomass of plant species, functional groups and aboveground net primary production

(ANPP), and meteorological indicators (P;_, precipitation data from the January to August of the same year; P,_4,
precipitation data from the April to August of the same year; P _j, precipitation data from the April to July of the same year;
P;_;, precipitation data from the January to July of the same year)

Meteorological indicators

Pya Paa Pay Py

R P R P R P R P
L. chinensis 0.15 0.039 0.16 0.034 0.15 0.04 0.14 0.045
S. grandis 0.28 0.004 0.26 0.005 0.35 <0.001 0.37 <0.001
S. centauroides 0.12 0.070 - - - - - -
K. cristata 0.11 0.086 0.10 0.092 - - - -
Perennial grasses 0.41 <0.001 0.41 <0.001 0.33 0.001 0.34 <0.001
Perennial forbs 0.23 0.008 0.21 0.009 0.21 0.009 0.24 0.005
ANPP 0.48 <0.001 0.47 <0.001 0.44 <0.001 0.46 <0.001
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biennials (4. commutata); together, they accounted for 90.3%
of the total aboveground biomass. The above observations
suggest that key species, as well as different species interactions,
play important roles in regulating the responses of plant
functional groups to precipitation.

Response of ANPP to annual precipitation

The study of relationship between precipitation and ANPP in
arid and semiarid environments has focussed on the influence
of average precipitation at different time scales including a year,
a quarter and a month (Briggs et al. 1989; Fang et al. 2001;
Knapp and Smith 2001). Bai et al. (2004) considered that
precipitation in the period of January—July is the primary climatic
factor causing fluctuations in ANPP. However, in our study, the
positive association between precipitation and ANPP in the
period of January—August was higher than in the periods of
April-August, January—July and April-July (Table 2). Thus, our
study suggested that the precipitation during January—August

Z. Wang et al.

(precipitation before and during the whole growing season)
played a vital role in determining the response of ANPP to the
annual precipitation.

Variations in the seasonality, frequency and amounts of
precipitation will have important impacts on ANPP (Knapp et al.
2002; Nippert et al. 2009). Aboveground net primary production
is a key integrative measure of ecosystem functioning that
increases with increasing annual precipitation (Huxman et al.
2004). Our data support the notion that precipitation controls
the inter-annual variations in ANPP (strong linear relationship
between annual precipitation and ANPP) in this typical steppe.
The fluctuation of annual RUE (0.46-1.10gm *mm"') for
typical steppe in Inner Mongolia is within the broad range of
RUE (0.05-1.81 gm ?mm™") reported generally for arid and
semiarid ecosystems throughout the world (Le Houérou et al.
1988). These results were consistent with a previous study that
found that RUE decreased with increasing annual precipitation
from an analysis of a 24-year dataset in the typical steppe (Bai
et al. 2008). Our results supported previous work that RUE
decreased over time with increasing annual precipitation (Paruelo
et al. 1999; Lauenroth et al. 2000).

Traits of dominant plant species and functional groups may
affect ANPP (Eviner and Chapin 2003). In our study, positive
linear relationships between annual precipitation and annual
biomass of S. grandis (Fig. 2a) suggest that annual precipitation
increases the ANPP. An array of perennial species (particularly
perennial grasses) affects ANPP and annual precipitation
produced a similar trend with the perennial grasses, in agreement
with a previous study (Pérez-Camacho et al. 2012). A dry year
can be the major limiting factor for perennial plant growth, as
has been shown in previous studies (Tozer et al. 2009; Pérez-
Camacho et al. 2012). Perennials and annuals are at the two
ends of an adaptation gradient to drought, based on ‘drought
tolerance’ and ‘drought avoidance’, respectively. Perennial
species maintain relatively low above- and belowground living
tissues throughout a dry growing season to ensure survival,
whereas annuals survive the drought as seeds (Slatyer 1967).
Perennial grasses also may grow less from prolonged closure of
stomata to prevent water loss and eventually die from desiccation
during the drought (Jackson and Roy 1986). However, the
perennial plant species occupy space by their vegetative
structure and litter accumulation, and the thick litter or living
structures of perennials affects the invasion of annuals and
biennials (Noy-Meir et al. 1989). Such grasslands are thus barely
colonised by annuals and biennials (Madon and Médail 1997).
Therefore, our results highlighted the importance of perennial
grasses in modulating the responses of ANPP to precipitation.

Conclusions

In typical steppe, variation in ANPP was significantly correlated
with annual precipitation. The dominant species and plant
functional groups played a positive role in maintaining the
relative stability of the production of the plant community. The
variation in the biomass of the dominant species, S. grandis, was
most sensitive to annual precipitation. Our study has improved
knowledge about the responses of plant communities, functional
groups and species to precipitation, and provides useful
information to develop grassland management methods
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under the variable of precipitation within the typical steppe
communities.
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