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On the livestock production in the Three-River Headwaters region (TRHR) in the macrocontext of climatic change, this study
analyzed the possible changing trends of the net primary productivity (NPP) of local grasslands under four RCPs scenarios
(i.e., RCP2.6, RCP4.5, RCP6.0, and RCP8.5) during 2010–2030 with the model estimation, and the grass yield and theoretical
grazing capacity under each scenario were further qualitatively and quantitatively analyzed. The results indicate that the grassland
productivity in the TRHR will be unstable under all the four scenarios. The grassland productivity will be greatly influenced
by the fluctuations of precipitation and the temperature fluctuations will also play an important role during some periods. The
local grassland productivity will decrease to some degree during 2010–2020 and then will fluctuate and increase slowly during
2020–2030.The theoretical grazing capacity was analyzed in this study and calculated on the basis of the grass yield. The result
indicates that the theoretical grazing capacity ranges from 4 million sheep to 5 million sheep under the four scenarios and it can
provide quantitative information reference for decision making on how to determine the reasonable grazing capacity, promote the
sustainable development of grasslands, and so forth.

1. Introduction
The net primary productivity (NPP) of vegetation reflects the
productivity of the vegetation under the natural conditions
[1]. The climatic change is one of the key driving forces of the
interannual change of NPP of vegetation [2]. The climate is
undergoing the change which is mainly characterized by the
global warming. The land surface temperature has increased
significantly since the 1980s, especially in the northern region
of China [3–6]. The grassland is one of the most important
land use types in China, which has essential functions in
the development of the animal husbandry [7]. The grassland
is greatly influenced by the climatic change, and the spati-
otemporal change of NPP of grasslands and the influencing
mechanism of the climatic change on it have been one of the
research focuses at home and abroad [8–11].

TheThree-River Headwaters region (TRHR) is the head-
stream of the Yellow River, Yangtze River, and Lancang River,
which is one of themost ecologically sensitive areas in China.
Besides, it is also the largest animal husbandry production
base in Qinghai Province, with about 21.3 thousand km2 of
native pasture and native grassland. Many researchers have
analyzed the change of NPP in this area from different per-
spectives [12–16] and there have been many research works
on the pattern and spatiotemporal characteristics of NPP of
ecosystems. However, there have been few comprehensive
studies on the spatiotemporal change of NPP of grasslands
and the consequent effects in the TRHR. On the one hand,
owing to the distinctive natural ecological conditions in
this region, the development of local animal husbandry
always depends on the increase of the livestock amount,
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which increases the income of local people and meanwhile
leads to the long-term overgrazing. The serious grassland
degradation has greatly restrained the development of the
local animal husbandry and change of landscape [17]. On the
other hand, the global warming has led to the decrease of
the average annual precipitation, and the grass yield per unit
area also decreases slightly year by year, which has threatened
the development of local animal husbandry. Therefore a
description of the climate and relevant economic activities
in the study area is detailed and significant [18]. In order
to solve the problems brought by the grassland degradation
and promote the sustainable development of the local animal
husbandry in the TRHR, it is necessary to carry out scientific
prediction of the local grass yield, determine the reasonable
grazing capacity, and guide the production of local animal
husbandry.

The research on NPP of the grassland is the basis for the
study of the grass yield and prediction of grazing capacity,
and there have been many investigations and research works
on the estimation of NPP of the grassland in China in recent
years.Themethods to estimate NPP of grassland vary greatly
due to the difference in the natural environment of the study
area, data availability, and so forth. There are mainly four
kinds of models to estimate NPP of grassland, that is, the
light use efficiency model, ecosystem process model, remote
sensing-process coupling model, and climatic statistic model
[19]. There are both advantages and disadvantages in these
models. For example, the light use efficiency model based
on the mechanism of vegetation photosynthesis is easy to be
constructed and has high calculation efficiency, but there are
some faults in the factors taken into account, parameter selec-
tion, calculation result, and so forth. The ecosystem process
model simulates the physiological processes of vegetation
and applies the technologies such as the remote sensing,
which makes it possible to carry out multiscale dynamic
monitoring of the spatiotemporal change of NPP. However,
this model is very complex and requires high quality data,
which restrains its practicability to some degree, especially
in the regional estimation. The remote sensing-process cou-
pling model integrates the advantages of both the models
mentioned above, but the accuracy of its calculation result
is greatly influenced by other factors. The climatic statistic
model introduces the regressionmodels constructed with the
simple climatic factors such as temperature and precipitation
and has a low data requirement. This kind of models is
more practical, but it is still limited by the low accuracy
of the result. There is great complexity, uncertainties, and
inaccuracy in the extraction of vegetation indices and soil
parameters with the remote sensing data, all of which make
it very difficult and very inaccurate to calculate these data
with the light use efficiency model, ecosystem process model,
and ecological remote sensing coupling model. Besides, it
is a fact that the climatic conditions have great impacts on
the livestock production in the study area. Therefore, the
climatic statistic model was finally used to estimate the future
grassland productivity in the TRHR.

The most widely used climate models mainly include
the Miami Model, Thornthwaite Memorial Model, Chikugo
Model, and the comprehensive model. The climate model is

an effective tool in the study of climate [20]. The compre-
hensive model is more suitable for the estimation of NPP of
vegetation in the arid area than the Chikugo Model. Besides,
in comparison with other three models, the comprehensive
Model has a solider theoretical foundation, takes more into
account of the physiological processes of vegetation, and
consequently can obtain a better estimation result in Zhejiang
Province [21] and Inner Mongolia [22, 23].

In order to overall forecast the changing trend of the
grassland NPP and theoretical grazing capacity in the study
area in the context of climate change, four representative
concentration pathways (RCPs) (which represent the emis-
sion trajectories under the natural and social conditions
and the corresponding scenarios) were selected to analyze
the changing trend of grassland NPP in the Three-River
Headwaters region. This study is of both theoretical and
practical significance. In theory, this study extends the field
of application of the estimation of NPP and explored the
theoretical grazing capacity in the TRHR in the future, which
provides certain references for the relevant research works in
other similar regions. In practice, this study qualitatively and
quantitatively analyzed the changing trend of the grass yield
and grazing capacity in the study area, which can provide
some guidance for the local grasslandutility andmanagement
and the development of animal husbandry and promote the
harmonious and sustainable development of the local man-
land relationship.

2. Study Area

TheTRHR is located in the southern part ofQinghai Province
of China, between 31∘39󸀠–36∘12󸀠N and 89∘45󸀠–102∘23󸀠E with
an area of 363 thousand km2 which accounts for 43% of the
total area of Qinghai Province. The TRHR with the altitude
ranges from 3500m to 4800m is the headstream of the
Yellow River, Yangtze River, and Lancang River and has a
dense network of rivers. The administrative regions cover 16
counties, including Yushu, Xinghai, Tongde, Zeku, Matuo,
Maqin, Dari, Gande, Jiuzhi, Banma, Chengduo, Zaduo,
Zhiduo, Qumalai, Nangqian, andHenan, except for Tanggula
Mountain Town which is under the charge of Golmud City.

The grassland area is 203 thousand km2 in the TRHR,
accounting for 65.4% of the total area of this region (Figure 1).
The vegetation diversity of the TRHR is the richest among the
regions at the same altitude all over the world. The grassland
type changes from alpine meadow to high-cold steppe and
alpine desert, with the productivity also gradually decreasing
[24–27]. The grassland resource is very rich in this region;
however, the grass yield per unit area has decreased year by
year due to the climatic change and overgrazing in recent
years, which has threatened the development of the local
animal husbandry.

3. Methodology and Data

3.1. Models

3.1.1. Comprehensive Model. The comprehensive model
was developed on the basis of two well-known balance
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Figure 1: Location of the TRHR and distribution of grassland.

equations, that is, the water balance equation and heat bala-
nce equation [28, 29]. Zhou and Zhang deduced the regional
evapotranspiration model that links the water balance
equation and heat balance equation from the physical process
during the energy and moisture influence the vaporization
and then constructed the natural vegetation NPP model
based on the physiological characteristics [28, 29], that is,
the Comprehensive Model. The Comprehensive Model can
calculate the potential NPP of natural vegetation on the basis
of the precipitation and net radiation received by the land
surface in the study area. This model is of great significance
to the reasonable use of climatic resource and fulfillment of
the climatic potential productivity [28]. The formula of this
model is as follows:
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where 𝑅
𝑛
is the annual net radiation, 𝑃

𝑟
is the annual

precipitation, 𝐿 is the annual latent heat of vaporization, and
RDI is the radiation aridity.

3.1.2. Model of the Hay Yield of Grassland. There are mainly
three indictors of the grassland productivity, that is, the
hay yield, theoretical grazing capacity, and animal products
[30]. The hay yield, that is, the total dry matter yield of a
certain area during a certain period, reflects the primary
productivity of grassland and is a basic indicator of the
grassland productivity. In this study, the hay yield of grassland

during 2010–2030 was calculated based on NPP of grassland
with the following formula:

𝐵
𝑔
=

NPP
𝑆bn (1 + 𝑆ug)

, (2)

where 𝐵
𝑔
is the annual total hay yield per unit area (g⋅m−2

⋅a−1), NPP is the annual total NPP of grassland (gC⋅m−2⋅a−1),
𝑆bn is the coefficient of the conversion coefficient of the
grassland biomass and NPP (g/gC), which is 0.45 [31, 32],
and 𝑆ug is the proportionality coefficient of the over ground
biomass and underground biomass, which varies among
different vegetation types [33]. 𝑆ug of the alpine meadow,
high-cold steppe, and alpine desert is 7.91, 4.25, and 7.89,
respectively. According to the location of the study area, 𝑆ug
of the alpine meadow was used to calculate the grass yield.

3.1.3. Model of the Theoretical Grazing Capacity of Grassland.
The theoretical grazing capacity of grassland during 2010–
2030 was calculated on the basis of the grass yield. Since the
grazing capacity of grassland is customarily represented by
the unit of livestock in China, that is, the number of adult
livestock that can be supported by per unit of land area every
year, and the number of sheep is generally used as the unit,
the grazing capacity of grassland is also represented by the
number of sheep per unit of land area.

There have been many methods to calculate the theo-
retical grazing capacity of grassland. The estimation method
of “limiting livestock based on grassland carrying capacity”
can better reflect the restriction of the practical situation in
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the grazing districts on the livestock production, and hence
the following formula was used [34]:

CA = 𝐺 ⋅ Cuse
𝑈
𝐺
⋅ DOY
, (3)

where CA is the theoretical annual grazing capacity of
grassland (unit: number of sheep per unit of land area), 𝐺
is the annual hay yield of grassland per square meter (unit:
kg/m2), and Cuse is the utilization efficiency of grass by the
livestock varying among different grassland types [34]. In this
study, Cuse of the alpinemeadow, high-cold steppe and alpine
desert, shrubbery, and swampmeadow is 60%, 50%, 40%, and
55%, respectively. 𝑈

𝐺
is the hay quantity needed by per unit

of sheep every day (unit: kg/d), which was set to be 2.0 kg
according to the relevant criterion [35]. DOY (unit: d) is 365.
Since the grassland is the main vegetation type in the Three-
River Headwaters region, Cuse of the high-cold steppe was
used to estimate the theoretical grazing capacity of grassland
during 2010–2030.

3.2. Data Source. The data of precipitation and near-surface
air temperature in the study area was simulated with the
models of CMIP5 (Coupled Model Intercomparison Project
Phase 5). There are three steps in the data processing. (1)
The data was first selected and downloaded, including the
model (CCSM4), modeling realm (atmosphere), ensemble
(r6i1p1 and r5i1p1), and climatic variables (precipitation and
near-surface air temperature). (2) The data of study area
was then extracted and calculated. The annual average value
was calculated based on the monthly data, and the annual
precipitation was calculated as the sum of the monthly
precipitation and then extracted 112 points covering the study
area. (3) The point data with the spatial resolution 0.9 × 1.25
degree were interpolated in 1 km × 1 km raster using the
Kriging method and were projected with the Albers 1940
coordinate system.

4. Results and Analyses

4.1. Changing Trend of NPP of Grassland in the TRHR.
There is significant spatial heterogeneity of the NPP in the
TRHR, decreasing from the southeast to the northwest on
the whole (Figure 2). The results indicate that the NPP of
grassland mainly increases in the east and southeast part,
while it decreases significantly in the northwest, southwest,
and middle part. There is no significant change of the NPP
of grassland in most of other parts. The changing trends of
NPP during every ten years indicate that the NPP changes
significantly under the RCP2.6 scenario andRCP4.5 scenario,
increasing in the east and southeast part to some degree and
decreasing in the south part to some extent.TheNPP changes
slightly under the RCP6.0 scenario and RCP8.5 scenario.
Under the RCP4.5 scenario, the NPP decreases obviously in
the middle and south part during 2010–2020 and increases
slightly during 2020–2030, indicating that there is serious
desertification of the local grassland. Besides, the increase of
NPP by 2030 suggests that there is some improvement of the
conditions of the local grassland.

In this study, the influence of temperature and precipita-
tion on the change of NPP was analyzed. The result indicates
that the NPP of grassland will range from 100 g ⋅m−2 ⋅ a−1 to
130 g ⋅m−2 ⋅ a−1 during 2010–2030.The results under different
scenarios are shown as follows (Figure 3).

The result under the RCP2.6 scenario indicates that
the temperature and precipitation would present a decreas-
ing trend during 2015–2020 and 2025–2030 and shows an
opposed trend during 2010–2015 and 2020–2025 (Figure 3).
The precipitation will fluctuate more greatly than the tem-
perature on the whole. By contrast, the NPP will change
in an opposite way during these periods, but with smaller
amplitude of fluctuation. Therefore, there is a significant
negative relationship between the NPP and temperature,
while there is only a weak relationship between the NPP and
precipitation under this scenario.

The result under the RCP4.5 scenario indicates that the
NPP and precipitation show a similar changing trend, that
is, a concave-down parabolic trajectory on the whole. The
precipitation will fluctuate most greatly during 2010–2020,
while the NPP first decrease with the precipitation and then
increases rapidly after reaching a relatively low level. The
NPP will decrease by 8.4% from 2010 to 2015, but it will
increase by 8.2% from 2015 to 2020. Then the NPP will
increase slowly while fluctuating slightly during 2020–2030.
Therefore, there is a significant negative relationship between
the NPP and precipitation under this scenario, while the
relationship between the NPP and temperature is very weak.

The result under the RCP6.0 scenario indicates that the
NPP will first increase and then decrease during 2015–2025,
while temperature will show an opposite changing trend
during this period, as during other period they will change in
a similar way.The precipitation will show an increasing trend
during 2010–2015 and 2020–2030.TheNPP and precipitation
will both decline obviously during 2015–2020 and reach the
bottom around 2020. The NPP will decrease by 10% in 2020
when compared with 2015, which indicates that the change
of NPP is greatly influenced by the change of precipitation
during this period and they are strongly correlated. The
result suggests that the changing trends of the NPP are
consistent with those of the precipitation on the whole, but
the fluctuation range of the NPP is small, indicating that
there is some lag in the response of the NPP to the change of
precipitation under this scenario. According to the analysis
above, the NPP responds more sensitively to the change of
precipitation than to the change of temperature.

Under the RCP8.5 scenario, the temperature changes
slightly during 2010–2025 and 2025–2030 and shows an
increasing trend during 2020–2025. Besides, the NPP also
fluctuates slightly during 2010–2025 and 2025–2030, indicat-
ing that the temperature plays a dominant role in influencing
the NPP. The NPP and precipitation both fluctuate signif-
icantly during 2015–2020 and there is an obvious low ebb
around 2020. The NPP decreases by 15.3% in 2020 in com-
parison to 2015, indicating that there is a strong correlation
between the change of NPP and the change of precipitation.
During 2020–2025, the NPP, temperature and precipitation
all show an obvious increasing trend. The NPP increases
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Figure 2: The NPP map of the TRHR in 2010, 2020, and 2030 under the four RCPs scenarios.

by 20.4% from 2020 to 2025 and reaches a significant peak
around 2025, indicating that there is significant relationship
between the change of NPP and the changes of both the
precipitation, and temperature. Therefore, the temperature
plays a key role in influencing the change of NPP during
2010–2020 and 2025–2030, while the precipitation plays a
dominant role during 2015–2020. Besides, during 2020–2025,
both the temperature and precipitation greatly influence the
NPP.

4.2. Changing Trend of Grass Yield of Grassland. The result
under the RCP2.6 scenario indicates that the changing trend

and fluctuation range of the grass yield are both pretty
consistent with those of the NPP mentioned above; that is,
both increase during 2015–2020 and 2025–2030 and decrease
during 2010–2015 and 2020–2025 (Figure 4). On the whole,
the grass yield is generally above 6.3 million tons under
this scenario except for the period around 2025, and the
fluctuation range is not great and the average yield level is very
stable.

The result under the RCP4.5 scenario indicates that the
grassland yield will fluctuate greatly but will still increase
slightly on the whole during 2010–2015. The grass yield
will keep a stable increasing trend during 2015–2030. In
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comparison to the changing trend of NPP mentioned above,
the changing trend of the grass yield is consistent with that
of the NPP during 2015–2030, but they are not closely related
during 2010–2015.

The result under the RCP6.0 scenario indicates that the
grass yield will decline during 2010–2020 and then tends
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Figure 5: Theoretical grazing capacity in the TRHR during 2010–
2030 (ten thousand sheep).

to increase slowly after reaching a low level around 2020,
indicating that the grass yield of the TRHR will fluctuate
greatly under this scenario.

The result under the RCP8.5 scenario suggests that the
grass yield of the TRHR will fluctuate slightly during 2010–
2015, then declines significantly, and thereafter keeps an
increasing trend, but the increment will gradually decline
and there may even be some slight decrease. According to
the analysis above, it is predictable that the grass yield will
fluctuate obviously around 2020 and decline to a very low
level and will only fluctuate slightly during other periods
under this scenario.

To sum up, there is a positive relationship between the
grass yield and NPP of grassland in the TRHR. The change
of the NPP of grassland has an impact on the grass yield,
but its effects vary among different RCPs scenarios.The grass
yield is very stable under the RCP2.6 scenario, generally
above 6.3 million tons every year. Under the RCP4.5 and
RCP6.0 scenarios, the changing trends of the grass yield and
NPP of grassland are generally similar during most periods
except for 2015–2020, during which their changing trends
are contrary. Under the RCP8.5 scenario, the grass yield
fluctuates most greatly, and the precipitation, grass yield, and
NPP of grassland will all descend to the bottom around 2020,
indicating that the grass yield is most greatly influenced by
the precipitation under this scenario.

4.3. Analysis of the Grazing Capacity of Grassland. The theo-
retical grazing capacity during 2010–2030 was analyzed in
this study.The grazing capacity of grassland in the TRHRwas
calculated on the basis of the grass yield. The result indicates
that the theoretical grazing capacity ranges from 4 million
sheep to 5 million sheep under the four scenarios (Figure 5).

The result under the RCP2.6 scenario indicates that the
theoretical grazing capacity in the TRHR will show a signi-
ficant decreasing trend and reach the minimum in 2017, and
it will then increase rapidly during 2018–2021 but will there-
after keep a decline trend on the whole (Figure 5). Besides,
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the inter-annual fluctuation range is very great under this
scenario. According to the changing trends of the tempera-
ture and precipitation mentioned above, the grazing capacity
responds very slowly to the change of temperature within a
certain scope and there is no significant relationship between
them, while the grazing capacity shows a changing trend sim-
ilar to that of the precipitation.The result indicates that, under
the condition of no great fluctuation in the temperature, the
grazing capacity mainly depends on the precipitation, which
is consistent with the actual condition that the local animal
husbandry is mainly restricted by the water resource.

The result under the RCP4.5 scenario indicates that the
grazing capacity fluctuates greatly during 2010–2015, but
the fluctuation range will gradually decrease with the time.
It shows an increasing trend during 2015–2025, especially
during 2019–2025, and there will be a stable and continuous
increase. The grazing capacity will first decrease sharply and
then increase rapidly during 2025–2030. On the whole, the
grazing capacity fluctuates very greatly and the stability is
very low under this scenario. It suggests that the grazing
capacity of the local grassland increases with the precipitation
within a certain scope, beyond which the temperature will
play a more important role. In comparison to the changing
trends of the temperature and precipitationmentioned above,
it can be seen that the influence of the temperature on the
grazing capacity is always very significant under this scenario,
while that of the precipitation is only significant during 2015–
2025.

The result under the RCP6.0 scenario indicates that the
grazing capacity shows a decreasing trend on the whole
during 2010–2020, during which there is great fluctuation.
The grazing capacity will first increase and then decrease
during 2020–2030, and it shows a decreasing trend on the
whole under this scenario. In comparison to the changing
trends of the temperature and precipitationmentioned above,
the changing trend of the grazing capacity is more consistent
with that of the precipitation. However, during 2020–2030,
the change of the grazing capacity is negatively related with
the change of temperature, and it responds very slowly to the
change of precipitation, and even not obviously. It indicates
that the precipitation has more important impacts on the
grazing capacity when the temperature is within a certain
range; but on condition that the temperature decreases by a
certain degree, the precipitation will only play a secondary
role.

The result under the RCP8.0 scenario indicates that the
local grazing capacity will fluctuate slightly during 2010–
2015, but without significant change on the whole. It will
continually decrease during 2016–2020 and reach the bottom
around 2020 and then will keep increasing and finally
fluctuate around 4.5million sheep. According to the changing
trends of the temperature and precipitation, the changing
trend of the grazing capacity is more consistent with that
of the precipitation, indicating that the precipitation plays a
more important role on influencing the grazing capacity than
the temperature does.

In summary, the precipitation plays a dominant role
in influencing the grazing capacity under the RCP2.6 sce-
nario, and the water resource is the main limiting factor of

the development of the local animal husbandry. The precip-
itation has limited impacts on the development of the local
animal husbandry under theRCP4.5 scenario.The theoretical
grazing capacity increases with the precipitation within a
certain scope, beyondwhich the temperature will play amore
important role. The precipitation and temperature both have
some influence on the grazing capacity under the RCP6.0
scenario.The precipitation plays a more important role when
the temperature reaches a certain scope and vice versa. The
precipitation plays a more important role in influencing the
grazing capacity under the RCP8.5 scenario. On the whole,
the theoretical grazing capacity in the TRHR ranges from 4
million to 5 million sheep.

5. Conclusion and Discussion

This study estimated theNPPof grassland in theTRHRunder
four RCPs scenarios based on the comprehensive model
and estimated the local grass yield and theoretical grazing
capacity in the future. Besides, the future changing trends
of the NPP, grass yield, and grazing capacity were analyzed
under four scenarios. In this paper, we draw the following
conclusions.

There are very complex influences of the precipitation and
temperature on the grassland productivity, and the effects of
the precipitation and temperature on theNPP, grass yield, and
grazing capacity are very complex and unstable under differ-
ent scenarios. For example, the theoretical grazing capacity in
2029 is 4.1072million sheep under the RCP2.6 scenario, while
it is 4.6527 million sheep under the RCP4.5 scenario, which
also differs greatly under another two scenarios.

The grassland productivity in the TRHR is unstable
on the whole. The grass yield is greatly influenced by the
fluctuation of the precipitation and the temperature which
also plays a more important role and subsequently influences
the grazing capacity. This conclusion is consistent with that
of the previous research on the changing trend of vegetation
NPP in the past 50 years in the Yellow River Headwater
Area, which was carried out by Yao et al. [36], indicating
that the precipitation plays a dominant role in influencing the
grassland productivity in theThree-River Headwaters region.

The grassland productivity in the TRHR will decrease
slightly during 2010–2020, especially around 2020when there
will be a minimum, while the grazing capacity will first
increase and then decrease during this period under all
the scenarios except the RCP8.5 scenario. According to the
analysis of the changing trend of the grazing capacity, there is
a dramatic change in the grazing capacity in the TRHR due to
the influence of the climatic factors. Therefore, it is necessary
to reinforce the control on the grazing capacity, eliminate
some livestock species in time, and replace the dominant
grass species with the grass species that can better adapt to
the climatic change. Besides, it is necessary to prepare for
the various responses to the climatic change and formulate
the artificial intervention mechanism as early as possible so
as to reasonably guide the development of the local animal
husbandry.

This study forecasted and analyzed the grassland NPP,
hay yield of grasslands, and theoretical grazing capacity with
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the comprehensive model on the basis of the simulation
of temperature and precipitation under the four scenarios.
The research result is only obtained on the basis of the
hydrothermal conditions, while in fact various factors, such
as the soil, terrain, and solar radiation, all have some impacts
on the grasslandNPP.Therefore, there is still some limitations
in the result of this study, and it is necessary to carry out
more in-depth research works on the modification of the
simulation result with the comprehensive model through
including more other factors.
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