
INTRODUCTION

About 30% of the world's terrestrial land area is covered
primarily by arid and semi-arid ecosystems that provide
important and effective ecosystem services (Jing et al.,
2013). The grasslands of China are important components of
Eastern Eurasian steppes, extending 4500 Km from
northeast China to the loess plateau, and then continuing to
the Tibetan Plateau, with natural grasslands accounting for
40% of the total land area of the China (Ma et al., 2008). As
the grasslands of Inner Mongolia are situated in a temperate
continental arid region, there is east to west diversity in
climate, soil, vegetation, and biogeochemical cycling (Xia,
1995; Liu et al., 2012; Ni et al., 2007) providing an
opportunity to explore the relationships between
productivity and environmental factors (Hastings et al., 2007;
Zhang and Dong, 2010).
Estimation and measurements of vegetation biomass not
only plays an important role in the study of production,
carbon cycles, and allocation of nutrients in terrestrial
ecosystems but also supports natural resource management.
Most of the previous studies of grasslands in Inner Mongolia
focused on establishing relationships between above ground
dry matter and environmental factors (Ma et al., 2008; Fan
et al., 2008; Dan et al., 2013; Grace et al. (1999) suggested
that species diversity is just one of several factors
determining productivity of grasslands and that disturbance,

spatial heterogeneity and gradients in the species pool may
also be important. Bai et al. (2007) showed that there is
positive linear relationship between plant productivity and
diversity at multiple organizational levels across local,
landscape and regional scales. However, we have limited
knowledge on how biodiversity affects plant productivity in
semi-arid area and no previous studies have analyzed the
relationship between biodiversity and above ground dry
matter in response to plant functional type (C3 and C4 plant)
in the semi-arid grassland of Inner Mongolia
Ecologically, the C4 paths productivity is more in
environments characterized by high light intensities, high
temperatures, and perhaps limited soil moisture (Doliner and
Jolliffe, 1979) where as C3 grasses are superior at low
temperatures and shade conditions (Ehleringer, 1978).
Barens et al. (1982) suggested that both productivity and
species diversity are related to topographic features and not
necessarily determined by the relative proportion or
contribution of C4 taxa. Competition for the resources is one
of the important biotic factors regulating plant growth
(Aarssen, 1989; Aguiar et al., 2001). The competition
between C3 and C4 plant types could eventually result in
altered species composition at the ecosystem scale (Still et
al., 2003). Therefore, understanding C3 and C4 plants
response to productivity is important to improve our
knowledge of productivity-diversity relationship
mechanisms.
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Studies of the relationship between diversity and biomass are essential for the sustainable management and restoration of
grasslands. The objective of this study was to examine the influence of C3 and C4 plants on species diversity and
productivity relationship in the grassland of Inner Mongolia. Above ground dry matter, species richness and diversity were
measured in semi-arid grassland at 20 sites in Inner Mongolia during the summers of 2007, 2008 and 2012. In this study, a
total of 60 quadrates were located and study sites were divided into three categories (sites dominated by C3 plants, sites with
a mixture of C3 and C4 plants and sites dominated by C4 plants) on the basis of above ground dry matter ratio of C3 and C4
plants. Above ground dry matter was the highest in sites dominated by C4 plants. At sites dominated by C3 and at C3 and C4
mixed sites a significant positive linear relationship between above ground dry matter with both species richness index and
Simpson’s diversity index was recorded. However, in sites dominated by C4 plants, above ground dry matter is not
significantly related to species richness and diversity. The results suggest that the sites dominated by C3 plants and the C3
and C4 mixed sites are important for diversity conservation in semi-arid grassland of Inner Mongolia.
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In semi-arid grassland ecosystems precipitation is one of the
most limiting environmental factors influencing plant
productivity (Noy-Meir, 1973; Le Houe′rou, 1984;
Oesterheld et al., 2001; O’Connor et al., 2001) and survival
(Snyman, 2004). Rain use efficiency (RUE), the amount of
biomass produced per unit precipitation, is an important
measure for assessing the response of plant productivity to
changes in precipitation gradient (Le Houe′rou, 1984;
Huxman et al., 2004; Bai et al, 2008). However, there is
insufficient knowledge about the mechanisms of
productivity and diversity of plant communities in the semi-
arid zone (Cheng et al., 2008) despite the importance of
these mechanisms for grassland management. For
understanding the mechanism of the relationship between
plant productivity and diversity it is important to know how
functional types of dominant species influence the plant
productivity. Therefore, we hypothesized that there would be
positive relationship between species diversity and
productivity and it would be largely influenced by plant
functional type i.e. the ratio of C3 and C4 species expressed
by above ground dry matter and precipitation. The objective
of this study was to test our hypotheses to explore the
mechanisms by which the relationship between productivity
and diversity is affected.

MATERIALS AND METHODS

Study area: The field investigations were conducted in the

semi-arid grassland of Inner Mongolia in northern China at
20 sites in 2007, 2008 and 2012. Inner Mongolia is
dominated by arid and semi-arid temperate continental to
continental monsoon climate. In the study sites, mean annual
temperature (MAT) varied from −2.4°C to 6.5°C, and mean
annual precipitation (MAP) ranged from 176 to 416 mm.
According to the China Vegetation Classification System,
the grasslands of Inner Mongolia are classified mainly into
three divisions: desert steppe, typical steppe, and meadow
steppe.
Data collection: Field sampling was conducted during the
grass growing season from 2 to 16 August in 2007, from 14
to 25 August in 2008 and from 13 to 20 August in 2012.
Selected sampling area (Fig. 1) had not been cut or grazed.
A line transect of 100 m was measured and within this line,
three (1 m2 quadrat) sample plots were established at
distance of 30m. The geographical location and altitude of
each site were recorded by a Global Positioning System
(Garmin eTrex GPS). A total of 60 quadrates each year were
surveyed, in each of which grass species were identified, and
the number of plants per species, canopy cover and height
were measured. Plants were separated by species and
harvested in each sampling quadrat to measure above ground
dry matter. In each quadrat, plants were clipped at the
ground surface and the vegetation was collected by hand.
The clipped above ground plant materials were oven dried at
80°C for 24 hours to obtain above ground dry matter (g m-2).
On the basis of ratio of above ground dry matter of C3 and

Figure 1. Study area and sampling sites in grasslands of Inner Mongolia.
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C4 plants, study sites were classified into those dominated
by C3 plants (C3:C4 > 2.5), C3 and C4 mixed plant sites
(C3:C4=0.7 to 2.5) and sites dominated by C4 plants
(C3:C4<0.7) (Table 1). The MAT and MAP in the
investigation years were obtained from meteorological
stations located in or around sample sites from the China
Meteorological Administration.
Data analysis: The number of plant species of each species
in each plot was counted to calculate (i) the species richness
(S) and (ii) the Simpson’s diversity (D) index:

D = 1- Σ Pi2
where Pi is the ratio of number of species i to total number
of plants at each quadrat and S is the number of species at
each quadrat.
Rain use efficiency (RUE) based on above ground dry
matter of each sampling plots was calculated by:

RUE = DM/ MAP
where DM is above ground dry matter and MAP is mean
annual precipitation of each site.
Finally, linear regression analysis was conducted to identify
the relationship between above ground dry matter with
species richness, diversity index and mean annual
precipitation among the three site types. All statistical
analyses were performed by using software package of SPSS
16.0 (SPSS Inc., Chicago, and IL., USA).

RESULTS

Above ground dry matter and above ground dry matter
ratio of C3 and C4 plant: Across 20 sites within the study
area, the largest mean above ground dry matter was found in

sites dominated by C4 plants (143.48±23.25) and the lowest
in C3 and C4 mixed sites (123.08±3.06 g m-2). The ratio of
above ground dry matter of C3 and C4 plants was found
highest in the sites dominated by C3 plants (4.31±0.57), and
the lowest was in sites dominated by C4 plants (0.59 ± 0.10,
Table 1).
Species richness and Simpson’s diversity index: The
highest mean species richness index was found in C3 and C4
mixed sites (13.58±0.07) and the lowest was found also in
sites dominated by C4 plants (12.73±0.29). The highest
mean diversity index was found in sites dominated by C4
plants (0.61±0.02) and the lowest was found in C3 and C4
mixed sites (0.54±0.01, Table 2).
Precipitation and Rain use efficiency: The highest annual
precipitation was found in C3 and C4 mixed sites
(401.19±49.23) and the lowest was found also in sites
dominated by C4 plants (282.72±20.40). But the highest rain
use efficiency was found in sites dominated by C4 plants
(0.50±0.05) and the lowest was found in also C3 and C4
mixed sites (0.35±0.01).
Relationships between productivity with diversity and mean
annual precipitation: There was a significant positive linear
relationship between above ground dry matter and species
richness index in sites dominated by C3 plants (ADM=9.41
*(S) + 15.11, R2=0.193, P < 0.05; Fig. 2a) and C3 and C4
mixed sites (ADM = 16.58 *(S) – 99.35, R2=0. 27, P < 0.05;
Fig. 2b) but there was no significant relationship for sites
dominated by C4 plants (Fig. 1c). Similarly there was
significant positive relationship between above ground dry
matter with Simpson’s diversity index in sites dominated by
C3 plants (DM = 194.1 * (D) + 25.19, R2=0.217, P < 0.05;

Table 1. ADM (g m-2) and ADM (g m-2) ratio of C3 and C4 plant in grasslands of Inner Mongolia
Name of sites Above ground dry matter (g m-2)

2007 2008 2012 Mean
Sites dominated by C3 plants 104.18±95.59 150.02 ±14.72 158.70 ±20.33 138.45 ±09.78
C3 and C4 mixed site 70.68 ± 4.40 133.31 ±14.29 123.08 ±03.06 123.08 ±03.06
Sites dominated by C4 plants 78.35±13.08 132.30 ±10.46 219.79 ±33.01 143.48 ±23.25

Above ground dry matter ratio of C3 and C4 plant
Sites dominated by C3 plants 4.28 ±0.90 4.33 ±0.71 - 4.31 ±0.57
C3 and C4 mixed site 1.39 ±0.30 2.99 ±0.75 - 2.19 ±0.42
Sites dominated by C4 plants 0.58 ±0.12 0.60 ±0.17 - 0.59 ±0.10

Table 2. Species richness and Simpson’s diversity index in grassland of Inner Mongolia
Name of sites Species richness

2007 2008 2012 Mean
Sites dominated by C3 plants 13.26 ±1.93 12.40 ±0.58 12.88 ±0.48 12.85 ±0.87
C3 and C4 mixed site 13.07 ±0.38 13.66 ±0.39 14.02 ±0.62 13.58 ±0.07
Sites dominated by C4 plants 12.25 ±0.85 12.16 ±0.46 13.79 ±0.25 12.73 ±0.29

Simpson’s dominance index
Sites dominated by C3 plants 0.61 ±0.01 0.59 ±0.01 - 0.60 ±0.01
C3 and C4 mixed site 0.56 ±0.03 0.51 ±0.03 - 0.54 ±0.01
Sites dominated by C4 plants 0.66 ±0.02 0.55 ±0.04 - 0.61 ±0.02
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Fig. 2d) and in C3 and C4 mixed sites (DM = 194.1 * (D) +
25.19, R2=0.21, P<0.05; Fig. 2e) .However there was no
significant relationship for sites dominated by C4 plants (Fig.
1f). Likewise there was significant positive relationship
between above ground dry matter with mean annual
precipitation in sites dominated by C3 plants (DM = 0.58 *
(MAP) – 70.80, R2=0.190, P < 0.05; Fig. 2g), C3 and C4
mixed sites (DM = 0.52 * (MAP) – 58.08, R2=0.266, P<0.05;
Fig. 2h). But there was no significant relationship for sites
dominated by C4 plants (Fig.2i).

DISCUSSION

Species richness and biodiversity enhanced above ground
productivity, although productivity differed with different
environmental conditions and plant physiology. In our study
we found that above ground dry matter is higher in sites
dominated by C4 plants. This is because C4 grasses are often
characterized by high maximum rates of photosynthesis,
photosaturation at high light intensities, and high
temperature optima for photosynthesis and growth (Barens,

Figure 2. Relationship of above ground dry matter (g m-2) with (a) species richness in sites dominated by C3 plants;
(b) species richness in C3 and C4 mixed sites; (c) species richness in sites dominated by C4 plants; (d)
Simpson’s diversity index in sites dominated by C3 plants; (e) Simpson’s diversity index in C3 and C4
mixed sites; (f) Simpson’s diversity index in sites dominated by C4 plants; (g) mean annual precipitation
in sites dominated by C3 plants; (h) mean annual precipitation in C3 and C4 mixed sites; (i) mean
annual precipitation in sites dominated by C4 plants.
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1982). In sites dominated by C3 plants and C3 and C4 mixed
sites, there was significant positive linear relationship
between above ground dry matter and both the species
richness index and Simpson’s diversity index. In support of
these positive relationships, there are some theoretical
hypotheses such as the multivariate productivity–diversity
hypothesis, which states that although species richness and
biomass are both influenced by the level of resource supply,
species richness is one of the determinants of productivity
(Gross and Cardinale, 2007; Cardinale et al., 2009). Our
finding is not consistent with a significant positive
relationship between plant diversity and productivity in all
three site types (sites dominated by C3 plants, C3 and C4
mixed sites and sites dominated by C4 plants) in Inner
Mongolia. We found that there was no significant
productivity-diversity relationship in sites dominated by C4
plants. In support of our results, Dengler and Nelson (1999)
explained that with a given resource supply and level of
species richness, C4 plants would have a greater possibility
of maximizing growth where as in sites dominated by C3
plants and C3 and C4 mixed sites, due to lower
photosynthetic rate, more species may be needed to fully
utilize a given resource supply and realize maximum yield
(Gough et al., 1994). As a result, a positive effect of species
richness on productivity should be more evident in sites
dominated by C3 plants and C3 and C4 mixed sites.
Lambers et al. (2004) found that over yielding species
(nitrogen competitors - C4 grasses - or nitrogen fixers) were
not most productive in monoculture, and this did not result
in a positive diversity–productivity relationship.
According to the predictions and observations of previous
studies, plant growth strategies were mainly regulated by
precipitation in the arid and semi-arid grassland of northern
China because water availability is the dominant limiting
factor for primary productivity in this region (Liu et al.,
2012). In our study we found significant positive linear
relationships between above ground biomass within both
sites dominated by C3 plants and C3 and C4 mixed sites. In
addition, the differences in climatic conditions among
different grassland ecosystems may affect the relationship
between grass above ground dry matter and species richness
(Ellis and Swift, 1988; Guo and Berry, 1998; Loreau et al.,
2001; Hooper et al., 2005). According to present study, there
was no significant relationship between mean annual
precipitations and above ground dry matter in sites
dominated by C4 plants (Fig. 1i). Mean annual precipitation
was lowest in sites dominated by C4 plants compared to
those sites dominated by C3 plants and C3 and C4 mixed
sites (Table 3). However, above ground biomass was higher
in C4 plants and this is because rain use efficiency was
higher in sites dominated by C4 plants compared to C3 and
C4 mixed sites (Table 3).
This study showed that C4 plant does not follow the general
trend of increase in annual precipitation cause to increase

productivity which affects the positive relationship between
above ground dry matter and species richness and diversity.
This interpretation supports our hypothesis that the
relationship between plant dry matter and diversity is
dependent on plant functional type i.e. C3 or C4 plants.

Table 3.Differences between site type in mean annual
precipitation and rain use efficiency (RUE, gm-2

mm-1) based on above-ground dry matter in,
2007, 2008 and 2012.

Name of sites Mean annual
precipitation (mm)

RUEADM
(g m-2mm-1)

Sites dominated by C3
plants

365.13±27.24 0.43±0.01

C3 and C4 mixed sites 401.19±49.23 0.35±0.01
Sites dominated by C4
plants

282.72±20.40 0.50±0.05

Mean 349.68±32.29 0.42±0.03

Conclusion: Our study concluded that the sites with C3
plants dominance and C3 and C4 mixed sites have positive
productivity and diversity relationship following the general
trend of increase in precipitation increases productivity.
Although the sites dominated by C4 plants have higher
productivity and higher rain use efficiency, it does not
support the significant positive relationship between
productivity and diversity.
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