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a b s t r a c t

This study investigated spatial patterns and environmental controls of aboveground biomass (AGB) in
alpine grasslands on the Tibetan Plateau by integrating AGB data collected from 135 sites during 2001–
2004 and concurrent enhanced vegetation index derived from MODIS data sets. The AGB was estimated
at 68.8 g m�2, with a larger value (90.8 g m�2) in alpine meadow than in alpine steppe (50.1 g m�2). It
increased with growing season precipitation (GSP), but did not show a significant overall trend with
growing season temperature (GST) although it was negatively correlated with GST at dry environments
(<200 mm of GSP). Soil texture also influenced AGB, but the effect was coupled with precipitation;
increased silt content caused a decrease of AGB at small GSP, and generated a meaningful increase under
humid conditions. The correlation between AGB and sand content indicated an opposite trend with that
between AGB and silt content. An analysis of general linear model depicted that precipitation, temper-
ature, and soil texture together explained 54.2% of total variance in AGB. Our results suggest that
moisture availability is a critical control of plant production, but temperature and soil texture also affect
vegetation growth in high-altitude regions.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Biomass is an important component of the global carbon cycle
(Scurlock et al., 2002). In grassland ecosystems, the amount of
aboveground biomass (AGB) determines forage availability and
thus constrains herbivore carrying capacity (Jobbágy and Sala,
2000; Yahdjian and Sala, 2006). Our capability to predict the
consequences of global change and design sustainable rangeland
management strategies is partially dependent upon our under-
standing of spatial patterns and their environmental controls of
AGB (Jobbágy and Sala, 2000; Nemani et al., 2003).

Biomass harvesting is a common method for estimating AGB in
grasslands, but it has limitations in both temporal scale and spatial
extent (Jobbágy et al., 2002). Alternatively, the relationship
between satellite-based vegetation index and absorbed photosyn-
thetic active radiation (APAR) provides a theoretical basis for esti-
mating AGB using remote sensing data (Paruelo et al., 1997;
Jobbágy et al., 2002). Remote sensing data sets have provided global
coverage at relatively high temporal and spatial resolution since the
early 1980s (Myneni et al., 1997; Zhou et al., 2001), and have been
widely used to estimate vegetation biomass or productivity at

regional and global scales (e.g. Paruelo et al., 1997; Myneni et al.,
2001; Fang et al., 2003; Zhao et al., 2005; Piao et al., 2005, 2007). In
contrast with direct harvesting measurements, the satellite-based
estimation approach, which combines remote sensing data with
ground-based observations, can effectively extend our ability to
explore regional patterns of vegetation biomass in a spatially
explicit fashion (Piao et al., 2005).

A number of studies have investigated spatial patterns of AGB
and their relationships with precipitation, temperature, and soil
texture in grassland ecosystems (e.g. Sala et al., 1988; Epstein
et al., 1997). Precipitation strongly determines AGB in grasslands,
and thus has been frequently used to explain the spatial variation
in production (Lauenroth, 1979; Sala et al., 1988; Burke et al.,
1997; Jobbágy et al., 2002; Ni, 2004a; Fang et al., 2005).
A significant relationship between AGB and temperature in
grasslands has not been observed, but AGB declines with
temperature after holding annual precipitation constant at 50 mm
intervals (Epstein et al., 1996, 1997; Burke et al., 1997). In addition,
soil texture influences AGB of grasslands through its interaction
with precipitation (Sala et al., 1988; Epstein et al., 1997). The
inverse texture hypothesis suggests that coarse-textured soils
support greater production than fine-textured soils by reducing
evaporation in arid environments, while fine-textured soils with
higher water-holding capacities are more productive in humid
climates (Noy-Meir, 1973). In contrast with extensive information

* Corresponding author. Tel.: þ86 10 6276 5578; fax: þ86 10 6275 6560.
E-mail address: jyfang@urban.pku.edu.cn (J.Y. Fang).

Contents lists available at ScienceDirect

Journal of Arid Environments

journal homepage: www.elsevier .com/locate/ jar idenv

0140-1963/$ – see front matter � 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jaridenv.2008.09.027

Journal of Arid Environments 73 (2009) 91–95



about spatial patterns and environmental controls of AGB in
temperate grasslands, little evidence is available for alpine
grasslands (e.g. Luo et al., 2002; Piao et al., 2006).

The Tibetan Plateau is the highest and largest plateau on the
earth, with a mean elevation of w4000 m. Mean annual tempera-
ture on the plateau is only 1.61 �C and annual precipitation is
around 413.6 mm. The natural vegetation on the plateau is domi-
nated by alpine grasslands (alpine steppe and meadow), with>60%
of its area covered by these two vegetation types (Li and Zhou,
1998). Moreover, a large part of the plateau has not been disturbed
by human activities. Hence, the uniqueness of the plateau in its
climate and vegetation provides an ideal region for investigating
spatial patterns and environmental controls of AGB in alpine
grasslands (Luo et al., 2002; Piao et al., 2006).

In this study, we investigated AGB from 135 sites in alpine
grasslands across the plateau during the summers (July and
August) of 2001–2004. Using these data, we developed the
relationship between site-specific AGB and the corresponding
enhanced vegetation index (EVI) data derived from MODIS to
estimate the magnitude and spatial distribution of AGB for
alpine grasslands on the plateau. We further explored the
relationships between AGB and environmental factors (precip-
itation, temperature, and soil texture) to understand the major
controls of AGB.

2. Materials and methods

2.1. Sampling of aboveground biomass and soil features

We sampled 675 plots from 135 sites (i.e. five plots from each
site) on the Tibetan Plateau during the summers (July and
August) of 2001–2004 (Fig. 1A). At each site (10�10 m), all
plants in five plots (1�1 m) were harvested to measure above-
ground biomass (AGB). Biomass samples were oven-dried at
65 �C to constant mass, and weighed to the nearest 0.1 g. In
addition, three soil profiles were selected at each site to deter-
mine soil texture. Soil was sampled at depths of 0–10, 10–20,
20–30, 30–50, 50–70, and 70–100 cm. Soil samples were air-
dried, sieved (2 mm mesh), and handpicked to remove fine roots.
Soil texture was determined using a particle size analyzer
(Mastersizer 2000, Malvern, UK) after removal of organic matter
and calcium carbonates (Yang et al., 2008).

2.2. MODIS-EVI, climate, and vegetation data

The moderate resolution imaging spectroradiometer (MODIS)-
enhanced vegetation index (EVI) data were obtained from the
United States Geological Survey (USGS), with a spatial resolution of
500� 500 m2 and 16-day interval, for the period of 2001–2004

Fig. 1. Distributions of (A) sampling sites and (B) aboveground biomass in alpine grasslands on the Tibetan Plateau. The vegetation atlas with a scale of 1:1000 000 (Chinese
Academy of Sciences, 2001) showed locations of 135 sites surveyed during 2001–2004. Spatial pattern of aboveground biomass was estimated from MODIS-EVI data at 0.1�0.1�.
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(http://LPDAAC.usgs.gov). The monthly EVI data were developed
using the Maximum Value Composition (MVC) method proposed
by Holben (1986). The growing season EVI data were the average of
monthly EVI values from May to September, which were then
aggregated to grid cells of 0.1�0.1� (Piao et al., 2003).

Growing season temperature (mean temperature from May to
September, GST) and growing season precipitation (total precipi-
tation from May to September, GSP) used in our analysis were
derived from the climate database of the Tibetan Plateau at
0.1�0.1� resolution during 2001–2004 (Piao et al., 2003). The
climate database was generated from records of 43 climatic stations
located above 3000 m in elevation across the plateau. Information
on distribution of grasslands was obtained from the vegetation
atlas of China with a scale of 1:1000 000 (Chinese Academy of
Sciences, 2001).

2.3. Data analysis

We investigated spatial patterns and environmental controls of
AGB in alpine grasslands by the following four steps. Firstly, we
regressed site-specific AGB against corresponding EVI data (Fig. 2),
then used the regression function to estimate AGB from EVI data at
each pixel to produce the spatial distribution of AGB for the whole
study area (Fig. 1B). We then overlapped the spatial distribution of
AGB with the 1:1000 000 vegetation atlas (Chinese Academy of
Sciences, 2001) to identify AGB for alpine steppe and alpine
meadow, respectively. Secondly, we performed regression analyses
to evaluate the relationships between AGB and precipitation,
temperature, and soil texture. Thirdly, we analyzed the effects of
temperature and soil texture on AGB at five precipitation levels
(100–200, 200–300, 300–400, 400–500, and 500–600 mm in GSP).
At each precipitation level, we related AGB to three independent
variables: GST, silt content, and sand content (Epstein et al., 1997).
Finally, we conducted a general linear model (GLM) analysis to
assess the proportion of variance in AGB explained by three vari-
ables (precipitation, temperature, and soil texture). GLM analysis
was performed using software package R (R Development Core
Team, 2005).

3. Results and discussion

3.1. Size and spatial patterns of AGB

As shown in Table 1, overall mean AGB of alpine grasslands was
68.8 g m�2, with greater value in alpine meadow (90.8 g m�2) than
in alpine steppe (50.1 g m�2). Luo et al. (2002) estimated total

biomass (above- and below-ground biomass) for alpine steppe and
meadow to be 156.7 and 663.1 g m�2, respectively. To compare our
estimates with their data, we partitioned AGB from total biomass
for the two grassland types using their root: shoot ratios (Yang
et al., in press). We found that AGB was 25.3 and 85.0 g m�2 for
alpine steppe and meadow, suggesting that their estimate was
significantly lower than ours (25.3 vs. 50.1 g m�2) for the former
and close to our measurement (85.0 vs. 90.8 g m�2) for the latter.
The difference for the alpine steppe was probably due to their

Fig. 2. Relationship between aboveground biomass and growing season EVI during the
period of 2001–2004, which was described as AGB¼ 334.39EVIþ 10.051 (n¼ 135,
r2¼ 0.40, P< 0.001).

Table 1
Density and storage of aboveground biomass in alpine grasslands on the Tibetan
Plateau.

Grassland type Area
(104 km2)

AGB density (g m�2) AGB storage
(Tg)

Mean SD Range

Alpine steppe 61.08 50.1 18.9 10.2–190.2 30.60
Alpine meadow 51.74 90.8 38.9 10.4–215.1 46.98
Total 112.82 68.8 36.7 10.2–215.1 77.58

Fig. 3. Regressions of aboveground biomass to (A) growing season precipitation,
(B) growing season temperature, and (C) soil texture.

Y.H. Yang et al. / Journal of Arid Environments 73 (2009) 91–95 93



limited sample size. We summed total AGB for alpine grasslands
and obtained an estimate of 77.6 Tg (1 Tg¼ 1012 g), about 1/4 of
total AGB storage in China’s grasslands (298.0–323.1 Tg) (Ni, 2004b;
Piao et al., 2007). In addition, AGB showed a decrease from the
southeastern (100–200 g m�2) to northwestern part (10–50 g m�2)
(Fig. 1B), corresponding well to the precipitation gradient across the
plateau (Li and Zhou, 1998).

3.2. Relationship between AGB and precipitation

AGB in alpine grasslands appeared to increase with GSP
(Fig. 3A), consistent with that observed in temperate grasslands
(e.g. Lauenroth, 1979; Sala et al., 1988; Burke et al., 1997; Jobbágy
et al., 2002; Ni, 2004a; Fang et al., 2005). However, precipitation-
use efficiency (the slope of the AGB-precipitation linear relation-
ship, 0.2 g m�2 mm�1) observed in alpine grasslands was lower
than that in temperate grasslands (0.6 g m�2 mm�1; Sala et al.,
1988). Moreover, only 18% of the variation in AGB in alpine grass-
lands could be explained by precipitation, much lower than that in
temperate grasslands (90%; Sala et al., 1988). These differences may
come from different growth-limiting factors in these two biomes
(temperate and alpine grasslands). AGB in temperate grasslands
was strongly influenced by the amount and seasonal distribution of
precipitation (Sala et al., 1988), but it was constrained by precipi-
tation as well as low temperature in the alpine grasslands (Fang
et al., 2005; Kato et al., 2006).

3.3. Relationship between AGB and temperature

Generally, AGB did not show any significant trend along the
temperature gradient (Fig. 3B), indicating that temperature played
a minor role in shaping spatial patterns of AGB. However, if we
divided precipitation (GSP) into several 100 mm intervals, then
AGB was negatively correlated with GST at low precipitation level
(GSP< 200 mm) (P< 0.05), but had weak positive correlations in
humid environments (Fig. 4A). The negative correlation between
AGB and temperature in very dry environments in alpine grass-
lands was consistent with that observed in temperate grasslands by
Epstein et al. (1996, 1997), who claimed that higher temperature
caused an increased evaporation and thus a lower plant production.

3.4. Relationship between AGB and soil texture

AGB increased with an increase in silt content and a decrease
in sand content (r2¼ 0.30, P< 0.001 for silt content, and
r2¼ 0.28, P< 0.001 for sand content) (Fig. 3C). However, this
trend varied with precipitation (Fig. 4B). AGB significantly
decreased with silt content when GSP was lower than 200 mm,
but increased under humid conditions (>200 mm of GSP)
(Fig. 4B). The relationship between AGB and sand content
exhibited an opposite pattern with the AGB vs. silt content
relationship: AGB increased significantly with sand content in
dry environments (<200 mm of GSP) and decreased when GSP
was higher than 200 mm (Fig. 4B).

These results supported the inverse texture hypothesis for
temperate regions (Noy-Meir, 1973), which states that coarse-
textured soils support higher plant production than fine-textured
soils in arid environments, and vice versa in humid climates. In
this study, we found larger AGB in sandy soils than in loamy soils
in arid climates, but higher AGB in loamy soils than in sandy soils
in humid environments, possibly due to different water-holding
capacity in these two soil types (Sala et al., 1988; Epstein et al.,
1997). Water accumulated in loamy soils can be easily evaporated
in arid climates, while loamy soils with higher water-holding
capacity could preserve available water in humid environments
(Noy-Meir, 1973).

3.5. General linear model relating AGB to environmental factors

In order to reveal the integrative effects of these environmental
factors on AGB, the relationships between AGB and precipitation,
temperature, and soil texture were explored using a GLM. Of the
variables examined, precipitation alone explained the largest
proportion (29.5%) of total variation in AGB (Table 2). The interac-
tions of precipitation with temperature, silt content, and sand
content explained 19.3% of the variance. Overall, combination of
climatic variables with soil texture accounted for 54.2% of total
variation. The remaining variance may be associated with other
factors, such as nitrogen availability and human disturbance
(Chapin et al., 2002).

4. Concluding remarks

Spatial patterns and environmental controls of AGB in alpine
grasslands on the Tibetan Plateau were investigated using data

Fig. 4. Correlations between aboveground biomass and (A) growing season temper-
ature and (B) soil texture along the precipitation gradient. The effects of growing
season temperature and soil texture on aboveground biomass were analyzed sepa-
rately at five levels of growing season precipitation (100–200, 200–300, 300–400,
400–500, and 500–600 mm). *P< 0.1, **P< 0.05.

Table 2
ANOVA of general linear model relating aboveground biomass to growing season
precipitation, growing season temperature, and soil texture.

Source df MS SS (%)

GST 1 0.95 5.45a

GSP 1 5.14 29.53a

GST�GSP 1 0.46 2.67a

GSP� Silt 1 1.34 7.69a

GSP� Sand 1 1.55 8.89a

Residuals 129 0.06 45.77

Aboveground biomass data were log10-transformed before analysis. df: degree of
freedom; MS: mean square; SS: proportion of variance explained by variable.

a Significant at P< 0.001.
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from regional-scale field biomass sampling campaigns during
2001–2004 and concurrent EVI data sets. The regional patterns of
AGB reflected the southeast-to-northwest gradient in precipitation.
The linear relationship between AGB and precipitation observed in
alpine grasslands was consistent with that in temperate grasslands,
but precipitation-use efficiency in alpine grasslands was lower than
that in temperate grasslands, probably due to the constraint of low
temperature to plant production in cold regions. AGB did not show
any significant trend with temperature, but a strong negative
correlation with temperature at low GSP level (<200 mm). The
correlations between AGB and soil texture differed in different GSP
levels, supporting the inverse texture hypothesis which suggested
that sandy soils with lower water-holding capacity led to greater
plant production than loamy soils with higher water-holding
capacity in arid climates. Overall, about 54.2% of total variation of
AGB in alpine grasslands could be explained by climatic variables
and soil texture. Our findings revealed that, as in temperate
grasslands, moisture availability, which interacted with other
environmental factors (such as temperature and soil texture), was
a determinant of AGB in alpine grasslands.
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