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The Ecological Protection and Restoration Program (EPRP), initiated in 2005 in the Three-River Headwaters (TRH,
the headwaters of the Yangtze, Yellow, and Lantsang rivers) region, is the largest project for nature reserve pro-
tection and reconstruction inChina. Thismassive effortwas expected to improve the trade-off between grassland
productivity and grazing pressure in the region. However, the impacts of EPRP on forage supply and livestock car-
rying capacity remain poorly understood. Using the Global Production Efficiency Model and grazing pressure
index, we investigated the influences of the EPRP by comparing the grassland yield and grazing pressure index
before (1988−2004) and after (2005−2012) implementation of the program. Vegetation cover, represented
by the annual maximum Normalized Difference Vegetation Index (NDVI), increased by 11.2% after implementa-
tion of the EPRP. The increase of NDVI, together with increasing temperature and precipitation, led to a 30.3% in-
crease of themean annual grassland yield in 2005−2012 relative to that in 1988−2004 (694 kg ha−1 vs. 533 kg
ha−1 dry matter). We show that grazing pressure was largely alleviated by the EPRP due to increased grassland
yield and decreased livestock number. This was indicated by a 36.1% decline of the grazing pressure index. The
effects of the EPRP varied spatially. As examples, there were larger increases of grassland yield in the southeast
of the region dominated by alpine meadow and greater reduction of grazing pressure in the central and eastern
parts. Nevertheless, the ecological effectiveness of the EPRPmay vary with themeasures used and is indicated to
be coupled with climate change. This calls for more detailed comparison and attribution analyses to predict the
ongoing consequences of the EPRP in order to attain sustainable implementation of restoration practices in the
TRH region.

© 2017 The Society for Range Management. Published by Elsevier Inc. All rights reserved.
Introduction

The Three-River Headwaters (TRH) region, located in the Qinghai–
Tibet Plateau, is the headwaters of the Yangtze, Yellow, and Lantsang
rivers of China. It provides 42.6 billion tons of water every year and is
regarded as the water tower of China (Liu et al., 2008; Fan et al., 2010;
Li et al., 2012). The ecological condition of the TRH region is critical to
water conservation and ecological security in China and southeastern
Asia (Myers et al., 2000; Li et al., 2012).

Because of the high elevation and harsh environment, ecosystems in
the TRH region are sensitive to climate change and anthropogenic
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activities. Climate warming and extensive human activities
(e.g., overgrazing, wood harvesting, gold mining) have caused a wide
range of environmental problems in the region, such as loss of biodiver-
sity, grassland degradation, and soil erosion (Feng et al., 2006; Liu et al.,
2008; Li et al., 2013; Shang et al., 2013). Particularly, overgrazing is
mostly believed to be the major cause of grassland degradation in the
region (Li et al., 2013).

Ecological protection and restoration of endangered ecosystems
damaged by human activities have been widely applied globally
(Wortley et al., 2013). They are today nowhere more evident in the
world than in China (Li et al., 2012; Zhang et al., 2016) and the TRH re-
gion is a key example. An ecological project, the Ecological Protection
and Restoration Program (EPRP), was implemented in the region in
2005. It implemented a series of practices including enclosure, livestock
reduction, returning farmland or rangeland to grassland, severely de-
graded grassland restoration, grassland rodent control, cloud seeding,
and hazard reduction management. Livestock reduction was begun in
2003, two yr earlier than implementation of the large-scale EPRP (Li
et al., 2012). The EPRP is the largest project for nature reserve protection
erved.
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and reconstruction in China, and probably the world (Wang et al.,
2010). About 7.5 billion Chinese yuan (≈1.1 billion $US) has been
invested in this project (Qinghai People's Government, 2005). There-
fore, the ecological effects of the project have gained considerable inter-
est among scientists and land managers (Li et al., 2012; Huang et al.,
2013; Zhang et al., 2014).

Herbage supply (defined by grassland yield or production) and live-
stock carrying capacity are the two most important indicators used to
monitor ecological condition for the TRH region (Fan et al., 2010; Yu
et al., 2010; Zhang et al., 2014). This is particularly appropriate as
N 70% of the population depends on livestock production for their live-
lihood in the region (Qinghai People's Government, 2005) and about
26−46% of the grassland has deteriorated due to overgrazing (Liu
et al., 2008; Li et al., 2013). However, impacts of the EPRP on these
twometrics in the TRH region are poorly understood. Relatively limited
effort has focused on the effects of the EPRP on grassland cover or on
ecosystem services such as water conservation, soil conservation, and
biodiversity protection (Shao et al., 2013; Huang et al., 2014; Liu et al.,
2014a). As an example of monitoring of change, Liu et al. (2014a) deter-
mined that the Normalized Difference Vegetation Index (NDVI) in-
creased by 1.2% per decade in the TRH region after implementation of
the EPRP. Study of the balance between livestock numbers and grass-
land production is urgently needed for the sustainable implementation
of EPRP in the TRH region.

In this study, we estimated grassland production by application of
the Global Production Efficiency Model (GLO-PEM) and quantified live-
stock carrying capacity via the grazing pressure index over the TRH re-
gion from1988 to 2012.Wehypothesized that the EPRPwould promote
the balance between grassland yield and livestock grazing. Our specific
objectives were to investigate 1) whether forage production was pro-
moted and 2) if the grazing pressure was reduced by the EPRP. We
did this by comparing grassland yield and grazing pressure before
(1988−2004) and after (2005−2012) implementation of the EPRP.

Materials and methods

Study Area

The TRH region is located in the center of the Qinghai–Tibet Plateau
(31°39′−36°12′N, 89°45′−102°23′E). It has an area of 363 000 km2

with altitude ranging from 2 800–6 564 m a.s.l. (Fig. 1). Its typical pla-
teau continental climate has an annual mean temperature of −5.6 to
−3.8°C and annual precipitation between 262.2 and 772.8 mm
Figure 1. Location of the Three-River Headwaters (TRH, the headwaters of the Yangtze, Y
meteorological stations in and around the study area are also plotted.
(BARE-RSR, 2007). The region has 16 counties (Maduo, Maqin, Dari,
Gande, Jiuzhi, Banma, Chenduo, Zaduo, Zhiduo, Qumalai, Nangqian,
Yushu, Xinghai, Tongde, Zeku, and Henan) and one township (Tanggula).

Grassland that covers 65.4% of the total area is the main ecosystem
type in the region (Fan et al., 2010). The main grassland communities
are alpinemeadowand alpine steppe,with temperate steppe and alpine
desert covering smaller areas (Chen et al., 2014). Related to the region’s
altitudinal precipitation gradients, the grasslands show a transition of
alpine meadow, alpine steppe, and alpine desert from the southeast to
northwest (see Fig. 1). Alpine meadow occurs at 3 500−4 000 m and
is dominated by Kobresia spp. Alpine steppe is distributed from
4 000−4 500 m and is dominated by Stipa purpurea, Carex moorcroftii,
Festuca rubra, Festuca ovina, and Artemisia arenaria. Alpine desert, dom-
inated by Thylacospermum caespitosum, Androsace tapete, Oxytropis sp.,
and Saussurea subulata, is mainly located at elevations above 4 500 m.

At the end of 2012, livestock number of the TRH regionwas 16× 106

sheep units (a sheep unit is equivalent to a 50-kg ewe and lamb, with a
daily intake of 1.8 kg forage. Cattle and horses are assumed to be equiv-
alent to four sheep units (Su et al., 2003)). Grasslands at higher altitudes
are mainly used for summer grazing and those at lower altitudes for
winter grazing (Fan et al., 2010). Winter-grazed pastures account for
45.5% of the grazed area in the region (ECAGRC, 1993). Winter pastures
closer to the settlements are grazed for longer periods than summer
pastures and consequently have more serious degradation (Zhang
et al., 2006).

Grassland Yield Calculation

Grassland yield (GY) in terms of dry matter (DM) was represented
by aboveground net primary production (ANPP) (Fan et al., 2010) and
calculated as follows:

GY ¼ ANPP ¼ NPP= 1þ Rð Þ ð1Þ

where GY is grassland yield (kg DM ha−1 yr−1), ANPP is aboveground
net primary production (kg DMha−1 yr−1),NPP is net primary produc-
tion (kg DM ha−1 yr−1), and R represents the ratio between measured
ANPP and measured belowground net primary production (BNPP) for
different grassland types.

NPPwas estimated by theGLO-PEM(Cao et al., 2004) at an8-d inter-
val and then aggregated to an annual level for the period 1988−2012.
GLO-PEM is a light use efficiency (LUE) model widely used to simulate
ecosystem production at both regional and global scales due to its
ellow, and Lantsang rivers) region, with background indicating grassland types. The
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theoretical soundness and practical convenience (Zhang et al., 2015).
Inputs for themodel include remote sensing (fPAR, fraction of absorbed
photosynthetically active radiation), climate (i.e., temperature andprecipita-
tion), and soil data (Table 1). Data sources are given in theData section. The
key parameter (potential LUE, ɛmax) for the GLO-PEMwas calculated by the
quantum yield (Prince and Goward, 1995). Values for the other parameters
(such as theminimum,maximum, and optimumair temperature for photo-
synthetic activity) were obtained from the previousmodeling studies in the
TRH region (Wang, 2007;Wang et al., 2009, 2016; Fan et al., 2010). Further
details about GLO-PEM can be found in Supplementary data Text S1, avail-
able online at http://dx.doi.org/10.1016/j.rama.2017.05.001 (Wang et al.,
2011; Zhang et al., 2015). The GLO-PEMmodeled NPP (in terms of carbon)
(kg C ha−1 yr−1) was converted into drymatter (kg DMha−1 yr−1) by di-
vision with a coefficient of 0.45 (Haberl et al., 2001).

R was calculated as a ratio of ANPP and BNPP, which were derived
from measured aboveground and belowground biomass (AGB and BGB)
for different grassland types, respectively. ANPP was represented by the
dry measured AGB directly. BNPP was estimated from the dry measured
BGB following the method proposed by Gill et al. (2002) as follows:

BNPP ¼ BGB� Rlive � Turnover ð2Þ

Turnover ¼ 0:0009� ANPP þ 0:25 ð3Þ

where BGB ismeasured dry BGB (kg DMha−1 yr−1), Rlive represents the
ratio of living BGB to total BGB, and Turnover is grassland root turnover
rate. The value for Rlive was set to 0.8 based on in-situ measurements
made by Zhou (2001) in the TRH region.

For comparison,we also investigated the dynamics of grassland veg-
etation cover in the TRH region. Followingprevious conventions (Huang
et al., 2014), the vegetation cover was represented by the annual maxi-
mum NDVI, which was generated by a Maximum Value Compositing
(MVC) method (Holben, 1986) from AVHRR (1988−2000) and SPOT-
VGT (1998−2012) NDVI products in this study.

Grazing Pressure Index Calculation

The grazing pressure index (Ip), defined as the ratio of actual and
theoretical carrying capacities (Fan et al., 2010), was calculated at the
county level as:

Ip ¼ Ca

Ct
ð4Þ

where Ca and Ct are the actual and theoretical carrying capacities (sheep
units), respectively. The livestock number is above the theoretical carry-
ing capacity when Ip is larger than 1 (i.e., overload) and vice versa.

The Ca for each county was calculated as follows:

Ca ¼
Cn � 1þ Chð Þ � Gt

365
ð5Þ

where Cn is the livestock number (sheep units) at the end of the year. Ch
is the livestock slaughter rate (%), which was set to 30% according to
local statistical data. Gt is the grazing period (days [d]), which was set
to 240 d for winter pasture and 125 d for summer pasture during
1988−1999. In order to reduce the grazing pressure on winter pasture
Table 1
Data inputs for Global Production Efficiency Model (GLO-PEM).

Data Source

fPAR
NOAA/AVHRR (National Satellite Meteorological Center, China M
(MOD15A2, http://lpdaac.usgs.gov)

Climate China Meteorological Observation (http://cdc.cma.gov.cn/) and
Grassland distribution Editorial Committee of Atlas of Grassland Resources of China (h
Soil properties The Second State Soil Survey of China (http://www.geodata.cn/)
in 2000−2012, Gt for winter pasture was decreased to 210 days while
that for summer pasture was increased to155 days (Fan et al., 2010).

The Ct for each county was calculated as follows:

Ct ¼
GY � Ut � Co � Ha � Ar

S f � Df � Gt
ð6Þ

where Ut, Co, Ha, Sf, Df, and Ar represent the utilization rate of herbage
(%), area available for pasture (%), edible herbage (%), daily intake (kg fresh
forage per sheep unit), dry weight of fresh herbage (%), and grassland
area (ha), respectively. The values of Ut, Co, Ha, Sf, and Df were set to
70%, 91.5%, 80%, 4 kg fresh forage, and 33%, respectively (Su et al., 2003).

Data

The fPAR data (8-d interval, 1-km spatial resolution) for the period
2000−2012 were obtained from Moderate Resolution Imaging
Spectroradiometer (MODIS) products directly (MOD15A2, available
from https://lpdaac.usgs.gov). The fPAR data for the period
1988−2004 were estimated based on NOAA’s Advanced Very High
Resolution Radiometers (AVHRR) images via the canopy radiation
transfer algorithm (Liu et al., 2007). The AVHRR images were received
and processed by the National Satellite Meteorological Center, China
Meteorological Administration, with corrections for geolocation, cloud
screening, atmosphere, and sun-sensor viewing geometry (Wessels
et al., 2004). In order to keep accordance withMODIS data, we calibrat-
ed the AVHRR fPAR on the basis of the relationship between MODIS
fPAR and AVHRR fPAR in the overlapped period of 2000−2004
(Poulter et al., 2013). The NDVI data (1-km spatial resolution) for the
periods 1988−2000 and 1998−2012 were collected from AVHRR
(15-d composite, available from http://daac.gsfc.nasa.gov) and SPOT-
VGT (10-d composite, available fromhttp://free.vgt.vito.be), respective-
ly. The annual maximum NDVI values were produced using the Maxi-
mum Value Compositing (MVC) method (Holben, 1986). To keep
accordance with SPOT-VGT data, we corrected the AVHRR NDVI based
on the relationship between SPOT-VGT NDVI and AVHRR NDVI in the
overlapped period of 1998−2000.

Temperature, precipitation, relative humidity, and solar radiation
data were obtained from China Meteorological Observation (http://
cdc.cma.gov.cn/) and Qinghai Meteorological Administration. About
160 meteorological stations located in and around the TRH region
were used in the study (see Fig. 1). Climate data were interpolated
into spatial data with a spatial resolution of 1 km by the widely used
ANUSPLIN algorithm (Huang et al., 2013, 2014; Chen et al., 2014). Soil
properties were obtained from China’s National Soil Inventory (http://
www.geodata.cn/). The grassland distribution map (winter and summer
pastures) was acquired from the Editorial Committee of Atlas of Grass-
land Resources of China (ECAGRC, 1993, http://www.geodata.cn/). Live-
stock numbers for each county in the region were obtained from the
statistical data provided by local governments.

To validate the GLO-PEM model, field measurements of AGB and
BGB along the actual aridity gradient in the TRH region were made in
the 2004 summer season. Limited by budgets and extreme environ-
ments, we collected grassland biomass in 31 representative sites, cover-
ing the four main grassland types of alpine meadow, alpine steppe,
alpine desert, and temperate steppe. Three replications of 1 m × 1 m
Resolution Time period

eteorological Administration); MODIS FPAR product
1 × 1 km 1988-2012

the Qinghai Meteorological Administration 1 × 1 km 1988-2012
ttp://www.geodata.cn/) 1:1 000 000 1980s

1:4 000 000 1980s

http://dx.doi.org/
https://lpdaac.usgs.gov
http://daac.gsfc.nasa.gov
http://free.vgt.vito.be
http://cdc.cma.gov.cn
http://cdc.cma.gov.cn
http://www.geodata.cn
http://www.geodata.cn
http://www.geodata.cn
http://lpdaac.usgs.gov
http://cdc.cma.gov.cn
http://www.geodata.cn
http://www.geodata.cn


Figure 2. Comparison of simulated and observed grassland yield (GY) in the yr 2004.
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sample quadrats for each sitewere arranged randomly in a 40m×50m
plot area. AGB was harvested to ground level and oven-dried for
weighing. BGB was sampled by taking nine soil cores (3.1-cm inner di-
ameter) at 0- to 30-cm-deep layers (depth intervals of 0−10, 10−20,
and 20−30 cm) within each quadrat. Roots contained within the exca-
vated soil were separated by washing with water through a 0.3-mm
mesh sieve and dried in an oven at 80°C for 24 hours.
Figure 3. Interannual variations of (a) mean annual temperature, (b) total precipitation, and
Headwaters (TRH) region during 1988−2012. The horizontal dashed lines indicate the
implementation of the Ecological Protection and Restoration Program (EPRP).

Figure 4. a, Interannual variations of grassland yield in the Three-River Headwaters (TRH) r
implementation of the Ecological Protection and Restoration Program over the TRH region. *In
Results

Validation of Grassland Yield

The estimated grassland yields were validated by measured in-situ
grassland dry matter yields made for this study. As shown in Figure 2,
the GLO-PEM estimates agreed well with in-situ observations (n = 31,
r = 0.73, P b 0.001), with the relative error (defined as the average
ratio of the absolute difference between simulated and observed GY to
the observed GY) of 26.7%.

Changes of Grassland Yield

Both the annualmean temperature (r=0.69, P b 0.01) and total pre-
cipitation (r=0.46, P b 0.05) increased significantly for the TRH region
from 1988 to 2012 (Fig. 3, a and b). Grassland vegetation cover, repre-
sented by annual maximum NDVI, also increased significantly over the
whole study period (r=0.81, P b 0.05) (Fig. 3, c). Consequently, the an-
nual GY increased dramatically through time (Fig. 4, a) and the annual
growth rate (represented by the slope of the linear trend) after imple-
mentation of the EPRP (i.e., 2005−2012) was clearly greater than that
before implementation of the project (i.e., 1988−2004) (13.3 vs.
2.6 kg DM ha−1 yr−1). On average, mean annual GY in 2005−2012
was 30.3% higher than that in 1988−2004 (694 vs. 533 kg DM ha−1).

GY varied greatly spatially in the TRH region, with the mean annual
GY ranging from zero to 4471.1 kg DM ha−1 over the whole study peri-
od (Fig. 5). Larger increases were observed in southeastern parts of the
region. Similar to the GY patterns, the GY increase (i.e., difference of
(c) annual maximum Normalized Difference Vegetation Index (NDVI) in the Three-River
mean value averaged over the period before (1988−2004) and after (2005−2012)

egion during 1988 and 2012. b, Comparison of the grassland yield before and after the
dicates the linear regression slope was significant at P = 0.05.



Figure 5. Spatial pattern of the annual grassland yield (a) before and (b) after
implementation of the Ecological Protection and Restoration Program and (c) their
difference in the Three-River Headwaters region.
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mean annual GY between 2005 and 2012 and 1988 and 2004) was
clearly larger in the southeast than northwest parts of the region, with
overall difference N 225 kgDMha−1.More specifically, themean annual
GYs in 2005−2012 were 54.0%, 52.9%, 50.8%, and 40.4% higher than
those in 1988−2004 for Qumalai, Xinghai, Tongde, and Zeku
counties, respectively (Fig. 6). In contrast, GY increased slightly in
northwestern areas (e.g., Yushu, Nangqian, and Zaduo counties),
with increases b 75 kg DM ha−1.

The large spatial variations of GY changes can also be viewed in terms
of grassland types (see Fig. 4, b). For example, comparing the two most
widely distributed grassland types, alpine meadow (184 kg DM ha−1)
had a much larger increase than alpine steppe (61 kg DM ha−1). Of the
grassland types, temperate steppe had the greatest increase of 461.8 kg
DMha−1, but it occupies only a small part of the region (b 0.5%). Notably,
GY decreased in a few areas, especially in southern parts of Tanggula,
Zaduo, Nangqian, and Yushu counties.

Changes of Grazing Pressure

Since 1988, livestock numbers of the TRH have shown three typical
developmental phases. Livestock number was about 20 × 106 sheep
units in 1988−1996, dropped sharply to about 17 × 106 sheep units
in 1997−2002, and then declined slowly to about 15 × 106 sheep
units in 2003−2012 (Fig. 7, a). The average livestock number after im-
plementation of livestock reduction (one major management practice
of the EPRP in 2003−2012) was 21.3% lower than that in
1988−2002 (15.4 × 106 vs. 19.6 × 106 sheep units). The decrease of
livestock number also had large spatial variations, with the greatest de-
crease in the central part of the TRH (Fig. 8, a). For example, livestock
number for the Maduo, Chenduo, Yushu, and Nangqian counties de-
creased by N 30% after the project started. However, note that livestock
numbers in Xinghai and Henan counties increased after implementa-
tion of the livestock reduction recommendations.

The actual carrying capacity (Ca) decreased gradually from 1988 to
2012 while the theoretical carrying capacity (Ct) increased slowly in
the same period (see Fig. 7, b). Specifically, the Ca and Ct in
2003−2012 (after implementation of livestock reduction) were re-
spectively 21.3% lower (20 × 106 vs. 25.4 × 106 sheep units) and
22.9% higher (12.9 × 106 vs. 11.3 × 106 sheep units) than in
1988−2002. As a result, the grazing pressure index (Ip) declined sub-
stantially over the 1988−2012 period (Fig. 7, c). On average, Ip before
livestock reduction was 2.29 (i.e., the grassland was overloaded by
1.29 times) and then it dropped to 1.46 (by 36.1%) after implementation
of livestock reduction. Further, in general Ip was higher for winter pas-
ture than summer pasture, yet the difference between them decreased
gradually during the study period (from 1.93 in 1988−2002 to 0.87
in 2003−2012) (Fig. 7, d). Moreover, county changes of Ip varied great-
ly (Fig. 8, b). Larger decreases were observed in the central and eastern
parts of the TRH region. For example, Ip for Maduo, Chenduo, Zaduo,
Gande, and Jiuzhi counties were reduced by N 50%. In contrast, Ip de-
creased slightly in Zaduo county (b 10%).

Discussion

Increased Grassland Yield in the TRH Region

Our results indicate that grassland yield increased significantly after
implementation of the EPRP in the TRH region, agreeing well with pre-
vious in-situ observations (Qinghai Grassland Station, 2013; Wu et al.,
2013; Xiong et al., 2014) and the findings in the other regions such as
the Inner Mongolia and Loess Plateaus of China (Mu et al., 2013; Zhou
et al., 2014; Hao et al., 2014). The increase of grassland yield can at
least be partly attributed to the implementation of the EPRP. On one
hand, the grassland protection practices (e.g., enclosure), can improve
vegetation cover directly (see Fig. 3, c) and thus forage production.
This can be verified by the overall significant and positive relationship
between vegetation cover and grassland yield across the TRH region
(Fig. 9). On the other hand, cloud seeding (with a 38.9 billion m3 in-
crease from 2006 to 2011), a major practice implemented by the
EPRP, could have increased annual precipitation in the region and thus
grassland yield (QAWO (Qinghai Artificial Weather Office)., 2011;
Xiao et al., 2013; Liu et al., 2014a, 2014b).

Climate change, coupledwith the EPRP, could also have substantially
influenced grassland productivity. For example, the annual mean tem-
perature increased considerably through the period of implementation
of EPRP in the TRH region (see Fig. 3, a). This resulted in an advance of
the vegetation growing season on the Qinghai-Tibet Plateau (Zhang
et al., 2013) and may have been a factor increasing grassland yield. By



Figure 6. Grassland yield and annual growth rate before and after implementation of the Ecological Protection and Restoration Program for each county in the Three-River Headwaters
region.
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comparing the results from a process-based ecosystemmodel (climatic
effect) and a LUEmodel (climatic and anthropogenic effects), Chen et al.
(2014) concluded that the contribution of climate change to the rise of
grassland yield is similar to that of ecological projects over the Qinghai-
Tibet Plateau (53.6% vs. 46.4%). Apparently, large uncertainties existed
in their findings since the twomodels used are different inmodel struc-
ture and parameter settings. Further studies are needed to partition the
Figure 7. Changes of (a) livestock numbers, (b) actual and theoretical carrying capacities, (c) g
from 1988 to 2012 in the Three-River Headwaters region.
effects of climate change and EPRP on the increased grassland yield over
the TRH region.

Further, we found that changes of grassland yield varied greatly spa-
tially with relatively larger increases in southeastern parts of the TRH
region dominated by alpine meadow (see Figs. 5−6). This might be
mainly due to the higher annual precipitation in the southeastern rela-
tive to northwestern areas. For instance, Xiong et al. (2014) indicated
razing pressure indices, and (d) grazing pressure indices for winter and summer pastures



Figure 8. (a) Livestock number and decrease rate and (b) the grazing pressure index and decrease rate before and after the implementation of Ecological Protection and Restoration
Program (EPRP) for each county in the Three-River Headwaters region. The white area in the map indicates the lack of data for livestock number of the Tanggula township.

546 L. Zhang et al. / Rangeland Ecology & Management 70 (2017) 540–548
that background precipitation was the major driver for the biomass
enhancement caused by the ecological projects in the Qinghai-Tibet
Plateau. Notably, our results indicate that vegetation production de-
creased in a few areas, particularly in some southern counties. This
can mainly be attributed to the difficulty of implementing the EPRP in
very high altitude and harsh climatic conditions (Yao et al., 2000).

Decreased Grazing Pressure in the TRH Region

Our results demonstrate that grazing pressure has been greatly re-
duced by the EPRP in the study area, as indicated by a 36.1% decline of
grazing pressure index (i.e., Ip) after implementation of the project.
This can be explained by increase of grassland yield (improved theoret-
ical carrying capacity) and decrease of livestock number (reduced actu-
al carrying capacity). Therefore, larger decreases of grazing pressure
were observed in the central and eastern parts of the TRH region (see
Fig. 8, b), which had greater increases of grassland yield (see Fig. 6)
and decreases of livestock number (see Fig. 8, a). Note that factors be-
sides EPRP also contribute to the livestock reduction in the TRH region.
For example, natural disasters usually lead to a sharp decrease of live-
stock number and the decrease could be amplified by the Rangeland
Household Contract Policy (RHCP, implemented in the TRH region
since 1984) that constrained the livestock mobility (Gongbuzeren
et al., 2015). This might mainly explain the drop of livestock number
in 1996−1997 when a serious snow disaster happened (Chen, 1996).

The decrease of grazing pressure was critical for grassland recovery
in the TRH region (Qiao and Wang, 2010; Li et al., 2013; Chen et al.,
2014). However, livestock numbers are still very high even though
they have been reduced by the ERPP (see Fig. 7, a). For example, the
grazing pressure index (Ip) was estimated to be 1.32 by the end of our
study period, indicating that the grassland is still overstocked given
that livestock are mainly pasture-fed.

As expected, grazing pressurewas found to bemuch higher forwinter
than for summer pastures. This can be attributed to the fact that local
herdsmen are more likely to graze winter pastures due to the proximity
of these to their settlements and watering facilities. The longer grazing
period, together with higher grazing intensity, usually leads to more
serious degradation of winter pastures than that for summer pastures



Figure 9. Spatial distribution of the correlation coefficient (r) between NDVI and grassland yield between 1988 and 2012 in the Three-River Headwaters region.
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(Zhang et al., 2006). However, we show that the grazing pressure forwin-
ter pastures decreased gradually (see Fig. 7, d) after implementation of the
EPRP due to the reduction of both livestock number and grazing period.

The increases of grassland cover and production and the decrease of
grazing pressure are beneficial for soil conservation and carbon mitiga-
tion potential (Conant et al., 2001; Dean et al., 2015) and therefore help
mitigate climate change (Ogle et al., 2004; IPCC, 2006). For example,
Shao et al. (2011) showed that increased vegetation cover reduced
soil erosion rates significantly for alpine meadow in the study region.
Huang et al. (2014) estimated that soil and BGB and AGB of degraded
grasslands in the TRH region can sequester 515.1, 44.6, and 21.7 Mt C,
respectively, provided that they have been restored to a healthy status.

Implications

This study shows that the EPRP improved the balance between
grassland productivity and grazing pressure, endorsing the importance
of the EPRP in improving the ecological conditions of the TRH region.
The effectiveness of the project varied greatly across space and with
grassland type, as indicated by the greater enhancement of grassland
yield in southeastern parts and the larger reductions of grazing pressure
in central and eastern parts of the TRH region. This suggests that eco-
restoration practices should be preferentially implemented in areas of
the region with relatively warmer and wetter climates as these areas
will have greater increases of grassland productivity (Xiong et al.,
2014). However, viewed from their ecosystem vulnerability, drier re-
gions also need to be preferentially covered by implementation of eco-
restoration practices (Wortley et al., 2013; Liu et al., 2016). Further,
we emphasize the importance of further reduction of livestock number
in the TRH region as the grasslands are still overstocked.We emphasize
that the effects of the EPRPmay differ substantially according to the spe-
cific management measures applied (Hu et al., 2016). More detailed
comparisons and attribution analysis are needed for formulating effec-
tive eco-restoration plans and strategies in the TRH region.
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