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• Partitioned the contributions of human activities and climate change to NPP trends.
• The relationships of different climate factors and NPP were analyzed quantitatively.
• Radiation was the most important climate factor of NPP interannual variation.
• After 2001, the climate conditions changed from benefit for vegetation to negative.
• Whereas the effect of human activities changed from negative to positive after 2001.
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The Three-River Source Region (TRSR), a region with key importance to the ecological security of China, has un-
dergone climate changes and a shift in human activities driven by a series of ecological restoration projects in re-
cent decades. To reveal the spatiotemporal dynamics of vegetation dynamics and calculate the contributions of
driving factors in the TRSR across different periods from 1982 to 2012, net primary productivity (NPP) estimated
using the Carnegie–Ames–Stanford approachmodelwas used to assess the status of vegetation. The actual effects
of different climatic variation trends on interannual variation in NPP were analyzed. Furthermore, the relation-
ships of NPP with different climate factors and human activities were analyzed quantitatively. Results showed
the following: from 1982 to 2012, the average NPP in the study area was 187.37 g cm−2 yr−1. The average
NPP exhibited a fluctuation but presented a generally increasing trend over the 31-year study period, with an in-
crease rate of 1.31 g cm−2 yr−2. During the entire study period, the average contributions of temperature, precip-
itation, and solar radiation to NPP interannual variation over the entire region were 0.58, 0.73, and
0.09 g cm−2 yr−2, respectively. Radiation was the climate factor with the greatest influence on NPP interannual
variation. The factor that restricted NPP increase changed from temperature and radiation to precipitation. The
average contributions of climate change and human activities to NPP interannual variation were
1.40 g cm−2 yr−2 and −0.08 g cm−2 yr−2, respectively. From 1982 to 2000, the general climate conditions
were favorable to vegetation recovery, whereas human activities had a weaker negative impact on vegetation
growth. From 2001 to 2012, climate conditions began to have a negative impact on vegetation growth, whereas
human activities made a favorable impact on vegetation recovery.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Net primary productivity (NPP) is originally defined as the amount
of photosynthetically fixed carbon available to the first heterotrophic
level in an ecosystem (Field et al., 1998). NPP is an indicator of the ex-
tent of vegetation light utilization under natural conditions (Yu et al.,
.edu.cn (J. Li).
2009). It is also an important indicator of the health and ecological bal-
ance of an ecosystem, as well as a key element for assessing carbon sink
and ecological regulatory behavior (Gao et al., 2009). A decline in vege-
tation productivity is the major manifestation of vegetation degrada-
tion, whereas NPP is an important indicator of productivity. In recent
years, many studies of NPP have been conducted in recent years
(Nemani et al., 2003; Hein et al., 2011; Mu et al., 2013a; Zhou et al.,
2015; Wu et al., 2014; Yang et al., 2014), which explored the long-
term monitoring of vegetation dynamics in terrestrial ecosystems, on
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both local and global scales. Terrestrial ecosystems are susceptible to the
combined effects of climate conditions and human activities (Esser,
1987; Haberl, 1997). With aggravating global climate change and in-
creasing human activities (Vitousek, 1994; IPCC, 2007), quantifying
the influence of different driving factors on vegetation dynamics has be-
come an important issue to formulate countermeasures and manage-
ment policies. To date, several efforts have been devoted to separately
quantify the influence of climatic and anthropogenic factors on an eco-
system within a specific region (Wessels et al., 2004; Wu et al., 2014;
Mu et al., 2013a, 2013b; Nayak et al., 2013; Chen et al., 2014).

China is currently confronted by severe grassland degradation
(Akiyama and Kawamura, 2007; Harris, 2010). A series of policies that
addressed this problem was launched in the early 21st century, such
like the Grain to Green Program (GTGP, which is usually explained as
“replacing cropping and livestock grazing in fragile areas with trees
and grass”) and the Grazing Withdrawal Program (GWP, which is
aimed to conserve grassland through banning of grazing, rotational
grazing or converting grazing land to cultivated pasture) (Wang et al.,
2007b; Liu et al., 2008a; Mu et al., 2013b). The effect of such policies be-
came a major concern of the society. The Three-River Source Region
(TRSR), which lies in the hinterland of the Tibetan Plateau, is dominated
by natural grasslands (Chang et al., 2014). The region is not only an im-
portant ecological barrier of China, but it also has a sensitive and fragile
ecological environment (Liu et al., 2014). In the past decades, the TRSR
has attracted considerable attention because of its grassland degrada-
tion problem (Liu et al., 2008b; Wang et al., 2009; Liu et al., 2014). The
climate conditions and human activities in this region have obviously
changed. For the past decades, the TRSR has suffered from climate
warming, which has been aggravated in the 21st century. Since the na-
tional nature reserve was designated in the TRSR in the early 21st cen-
tury, a series of ecological protection policies and projects has been
implemented in this area (Fang, 2013; Tong et al., 2014). However,
only a few studies have been conducted to quantitatively analyze the re-
lationships of vegetation growth with climate factors and human activ-
ities in the TRSR (Qian et al., 2010; Liu et al., 2014), particularly to
compare the differences in such relationships across different periods
or to distinguish the effects of various climate factors.

Therefore, this study attempts to accurately simulate the spatiotem-
poral evaluation of the dynamics of vegetation NPP in the TRSR for the
past 31 years (1982–2012) and to distinguish the effects of various driv-
ing factors on vegetation dynamics. The NPP in the TRSR is estimated by
the Carnegie–Ames–Stanford approach (CASA) model and used as an
indicator of vegetation dynamics. Furthermore, the spatiotemporal dy-
namics of vegetation NPPs across different periods of the 21st century
are analyzed. The cumulative effects of different driving factors on
NPP interannual variation are determined. Our aim is to provide an ac-
curate method for evaluating the health status of the vegetation condi-
tions in the TRSR and the effects of ecosystem protection projects. The
findings can be used to promote sustainable utilization, ecological con-
struction, and policy formulation in the TRSR.

2. Materials and methods

2.1. Study area

The TRSR is the headstream of three major rivers (i.e., the Yangtze
River, the Yellow River, and the Lantsang River) in East Asia, and around
40% of the world's population depends on, or is influenced by these riv-
ers (Foggin, 2008). The TRSR covers an area of 350,000 km2, of which
the source region of the Yangtze River is 150,000 km2, that of the Yellow
River is 90,000 km2, and that of the Lantsang River is 30,000 km2. The
area of other inland river basins is 60,000 km2. The original natural veg-
etation and the soil rich in organic matter in the TRSR fulfill significant
water conservation functions. This region supplies 25% of the total
water of the Yangtze River, 49% of the total water of the Yellow River,
and 15% of the total water of the Lantsang River (Zhang et al., 2012).
Thus, the TRSR is known as the “Water Tower of China”. The TRSR is
mainly constituted of mountainous landforms with altitudes ranging
from 3335 m to 6564 m. The major mountains include the East Kunlun
Mountain and its branch the Aemye Machhen Range, the Bayan Har
Mountain, and the Tanggula Mountain. This region features a fluctuat-
ing terrain, dense river networks, numerous rivers, extensive snowy
mountains, and crisscrossing glaciers. The TRSR has a typical high-
altitude continental climate, with small annual temperature difference,
large diurnal temperature range, and a notably decreasing trend of heat
and water from southeast to northwest. The growing season in this re-
gion is from May to September. The population is approximately
568,000, and most of the residents are Tibetan with a nomadic lifestyle
(Harris, 2010). The grassland is the primary ecosystem in the TRSR. The
main grassland types are alpine meadow and alpine steppe (Fan et al.,
2010). As mentioned in Section 1, the TRSR has attracted considerable
attention in the past decades because of its grassland degradation prob-
lem. With a deteriorating regional ecosystem and a decline in water
conservation function, the life of the residents in this region is threat-
ened. In addition, the ecological security of the Yangtze River basin,
the Yellow River basin, and even the Southeast Asia region is in danger.

2.2. Data source and processing

2.2.1. Climate data
The climate data used in this study are the 1982–2012 data onmonth-

ly average temperature, monthly precipitation, solar radiation, and alti-
tude from 50 standard weather stations in the TRSR and its surrounding
area, which are provided by theMeteorological Data Sharing Service Sys-
tem of China. This data was interpolated by using ANUSPLIN version 4.2
software to regular monthly data layers with the spatial resolution same
as NDVI data. Given the fluctuating terrain and sparsemeteorological sta-
tions in the TRSR, common interpolation methods cannot achieve high
precision (Li et al., 2003), thus, interferences to NPP calculation and data
analysis are introduced as subsequent treatments. To solve this problem,
ANUSPLIN (a software program developed by the Australian National
University for the spatial interpolation of climate data using a thin plate
smoothing spline) (Hutchinson, 2001), is used in this study for interpola-
tion. It has been proved be more appropriate for spatial interpolation of
climate than other methods in the TRSR (Peng et al., 2010).

2.2.2. Remote sensing data
To create a long time series of NDVI data set from 1982 to 2012, two

kinds of NDVI sources are used. The NDVI data of 1982–2000 are the
Global Inventory Modeling and Mapping Studies (GIMMS) NDVI data
produced by the Global Land Cover Facility of the University ofMaryland,
with an original spatial resolution of 8 km. During the preparation of this
data set, its creators performed radiation correction, geometric correc-
tion, and cloud filtering to improve data accuracy. In our study, the
GIMMS–NDVI data are resampled to have a spatial resolution of 1 km.
Meanwhile, the remote sensing data of 2001–2012 are the MODIS 13A2
data,with a spatial resolution of 1 km. TheMODIS–NDVI data are subject-
ed to format conversion and reprojection in our study; spatial splicing
and resampling are also performed. Using the 16-d MODIS–NDVI data,
monthly NDVI data are obtained via the maximum-value composite
(MVC) procedure.

Using the Spector–Grant filteringmethod,which is a denoising tech-
nique for NDVI data, the two types of NDVI data are smoothed and fil-
tered. Given that the two types of MODIS data by GIMMS are acquired
using different sensors, conducting a consistency test between them is
necessary. The two types of data overlap in 84 months (2000–2006).
A correlation analysis of the monthly average NDVI indicates that the
correlation coefficient is 0.87 (P b 0.001). Thus, the two types of data
are significantly consistent at the regional scale. The linear regression
equation between the two types of data for each pixel is established
using the recursive least square method with the overlapped data, and
the average R2 of all pixels is 0.84 (P b 0.001). The GIMMS–NDVI data
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of 2001–2012 are interpolated. The time of data is prolonged to finally
obtain the raster images of themonthly NDVI of 1982–2012 in the TRSR.

2.2.3. Data on vegetation types
Data on vegetation types are from the Global Land Cover 2000 data

set (GLC 2003) with a spatial resolution of 1 km.

2.2.4. Measurement data
Given that NPP measurement is difficult, NPP data converted from

biomass are typically used to replace the measured NPP for model vali-
dation. The biomass data measured at 50 plots with dimensions of
1 km×1km in the TRSR in August 2012 are selected. The area of a quad-
rate is 1 m × 1 m, with 5 replicates. The aboveground part is harvested,
and the sample is dried at 70 °C in a thermostatic oven until a constant
weight is achieved as the above-ground dry matter. According to the
study of Wu et al. (2010) on the carbon flux of meadows in the Tibetan
Plateau, a carbon distribution ratio of 58.7:41.3 between the under-
ground and aboveground parts is selected. The observed NPP is obtain-
ed using the following equation:

NPP ¼ DMAG 1þ 58:7=41:3ð Þ � 0:542 ð1Þ

whereDMAG is the above-ground drymatter, and 0.542 accounts for the
carbon conversion rate of grassland (Zhu et al., 2007).

2.3. Methods

2.3.1. Calculating NPP and interannual variation rate
The NPP in the TRSR is calculated using the CASA model, which is a

process-based model driven by remote sensing and climate data
(Potter et al., 1993; Field et al., 1995). In the CASA model, NPP is the
product of absorbed photosynthetically active radiation (APAR) and
the utilization efficiency (ɛ) of vegetation on APAR that reaches the sur-
face (Potter et al., 1993). It is expressed as follows:

NPP x; tð Þ ¼ APAR x; tð Þ � ε x; tð Þ; ð2Þ

where x is the spatial location (pixel number), and t is the time.
APAR(x,t) represents the canopy-absorbed incident solar radiation of
pixel x in t time (MJ m−2), and ε(x,t) represents the actual light-use ef-
ficiency (g C MJ−1) of pixel x in t time.

APAR(x,t) is calculated as follows:

APAR x; tð Þ ¼ SOL x; tð Þ � FPAR x; tð Þ � 0:5; ð3Þ

where SOL(x,t) is the total solar radiation (MJ m−2) of pixel x in t time;
and FPAR(x,t) is the fraction of photosynthetically active radiation
absorbed by the vegetation canopy, which can be determined by NDVI
(Ruimy et al., 1994). The value of 0.5 denotes the fraction of the total
solar radiation that is available for vegetation (0.38–0.71 μm).

ε(x,t) may be calculated as follows:

ε x; tð Þ ¼ Tε1 x; tð Þ � Tε2 x; tð Þ �Wε x; tð Þ � εmax; ð4Þ

where Tε1(x,t) and Tε2(x,t) are the temperature stress coefficients,
which reflect the reduction in light-use efficiency caused by a tempera-
ture factor (Potter et al., 1993; Field et al., 1995).Wε(x,t) is themoisture
stress coefficient, which indicates the reduction in light-use efficiency
caused by a moisture factor. εmax is the maximum ε under ideal condi-
tions set as different constant parameters for various vegetation types
(Zhu et al., 2007): grassland (0.542), bush (0.429), evergreen needle-
leaf forest (0.389), and others (0.542). A more detailed description of
the model is provided by Yu et al. (2011).

2.3.2. Interannual variation rate of NPP
A simple linear regression is employed to analyze the interannual

variation in vegetation NPP in the TRSR from 1982 to 2012. The slope
of the trend line in the multi-year regression equation for a single
pixel represents the interannual variation rate, which is solved by the
least squares method as follows:

θslope ¼ n�∑n
i¼1i� NPPi− ∑n

i¼1i
� �

∑n
i¼1NPPi

� �� �

= n�∑n
i¼1i

2− ∑n
i¼1i

� �2
� � ð5Þ

where θslope is the interannual variation rate of NPP, n is the number of
years simulated, and NPPi is the vegetation NPP in the ith year. The cor-
relation between NPP sequences and time sequences (year) is used to
determine the significance of interannual variation in NPP. A negative
slope indicates a decreasing trend, whereas a positive slope indicates
an increasing trend.

The significance of the variation tendency is determined using the F
test to represent the confidence level of variation. The calculation for-
mula for statistics is expressed as follows:

F ¼ U � n−2ð Þ=Q ð6Þ

where Q ¼ ∑n
i¼1ðyi−ŷiÞ and is the sum of the square error, U ¼ ∑n

i¼1

ðŷi−yÞ2 and is a regression sum of the squares. yi is the observed NPP
in the ith year, and ŷi is the regression value; y is the mean NPP over
the years, and n is the number of years studied.

2.3.3. Contribution of each driving factor to interannual variation in NPP
NPP variation is the function of climate (mainly refers to tempera-

ture, precipitation, and solar radiation) and other variables (mainly re-
fers to human activities); thus, the contribution of each factor to the
interannual variation rate of NPP can be estimated for each pixel using
Eq. (7). Similar methods based on partial derivatives are now widely
used in studies on the effects of climate on hydrological dynamics
(Rana and Katerji, 1998; Meng and Mo, 2012; Yang and Yang, 2012).

θslope ¼ C temð Þ þ C radð Þ þ C preð Þ þ UF
¼ ∂NPP=∂temð Þ � ∂tem=∂nð Þ þ ∂NPP=∂radð Þ � ∂rad=∂nð Þ

þ ∂NPP=∂preð Þ � ∂pre=∂nð Þ þ UF ð7Þ

where θslope is the interannual variation rate of NPP, which is solved in
Eq. (5). The average temperature, solar radiation, and precipitation dur-
ing the growth season of the TRSR are denoted by tem, rad, and pre, re-
spectively. The growth season of this region is from May to September.
The time delay effect between climate factors and vegetation indices in
this region, the average temperature from April to September, and the
precipitation and total solar radiation from May to September used in
this study are drawn from An et al. (2014). C(tem), C(rad), and C(pre)
are the contributions of tem, rad, and pre to the interannual variation
rate of NPP; and n is the number of years simulated. C(tem) can be cal-
culated as (∂NPP/∂tem),which is the slope of the linear regression line
between NPP and tem, and (∂tem/∂n) is the slope of the linear regres-
sion line between tem and n. C(rad) and C(pre) are calculated in the
same manner. UF is the residual between the variation rates of NPP
and climate factor contribution; it represents the variation rate of the
contribution of unknown factors to NPP. Both human factors and
some uncertain natural factors (such as natural disaster, wind, et al.)
are contained in UF, and we suppose that the former takes a dominant
position.

2.3.4. Validating NPP
Correlation analysis is performed between NPP simulated by the

CASA model and the measured NPP. The results (Fig. 2) exhibit good
correlation between measured and simulated NPPs (R2 = 0.6993,
P b 0.001). Thus, the result of the model simulation is reliable.
(See Fig. 1.)



Fig. 1. Location of the study area and its subregions.
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3. Results

3.1. Spatiotemporal pattern of NPP

The spatial distribution variation in NPP is large over the entire
TRSR (Fig. 3). The average vegetation NPP from 1982 to 2012 is
187.37 g cm−2 yr−1, and the total NPP is 59.43 Tg C yr−1. NPP decreases
gradually from southeast to northwest, which conforms to the distribu-
tion of the hydrothermal gradient in the TRSR. NPP is higher in Zeku
County and Henan County to the east of 100° E and in Yushu County to
the south of the TRSR, with values typically within the range of
300–400 g cm−2 yr−1. NPP is lower in Ge'ermu County to the west of
Fig. 2. Comparison between simulated and measured NPPs in the TRSR.
94° E and in the northwest of Zaduo County, with values within the
range of 20–100 g cm−2 yr−1.

The average and total NPPs in the source regions of the Yangtze
River, the Yellow River, and the Lantsang River are calculated. NPP is
highest in the source region of the Yellow River, with an average value
of 269.20 g cm−2 yr−1 and a total value of 21.08 Tg; the average NPP
in the source region of the Lantsang River is 231.78 g cm−2 yr−1 and
the total NPP is 9.05 Tg; lastly, the NPP in the source region of the Yang-
tze River is the lowest, with an average value of 160.40 g cm−2 yr−1 and
a total value of 21.08 Tg.

As shownby the interannual variation in averageNPP over the entire
region from 1982 to 2012 (Fig. 4), the highest NPP in 31 years is gener-
ated in 1994 (217.83 g cm−2 yr−1), whereas the lowest NPP is generat-
ed in 1989 (152.46 g cm−2 yr−1). The seasonal and annual variations in
average NPP of the entire region are significant, with amplitudes rang-
ing from 0.2% to 18.6%. At the 31-year time scale, the increase rate of av-
erage NPP over the entire region is 1.31 g cm−2 yr−2 (P b 0.01). The
increase is rapid during the first 19 years (1.99 g cm−2 yr−2, P b 0.01).
However, after entering the 21st century, the NPP exhibits an insignifi-
cant decreasing trend (−0.24 g cm−2 yr−2).

The variations in NPP present apparent differences across three time
scales (Fig. 5).

In 1982–2000 (Fig. 5a), the regionswith extremely significant or sig-
nificant increase in NPP are mainly distributed in Maqin County, Gande
County, and Maduo County, which are to the east of the TRSR. Such in-
crease can also be observed in Ge'ermu City in the west and in north
ZaduoCounty. However, NPP does not change significantly in the exten-
sive area in the middle of the TRSR.

In 2001–2012 (Fig. 5b), the regions with a decrease in NPP are dis-
tributed in Tongde County, Maqin County, and Gande County in the
east, as well as Yushu County, Chengduo County, and Nangqian County
in the south. The regions with an increase in NPP are concentrated in



Fig. 3. Spatial distribution of mean NPP in the TRSR from 1982 to 2012.
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Zaduo County and Ge'ermu County in the northwest, as well as in some
parts of Maduo County and Xinghai County in the north.

At the 31-year time scale (Fig. 5c), the vegetation NPP in the TRSR
exhibits a generally increasing trend. The regionswith an extremely sig-
nificant increase, a significant increase, an insignificant variation, a sig-
nificant decrease, and an extremely significant decrease in NPP
account for 49.09%, 13.78%, 36.32%, 0.56%, and 0.24% of the total area, re-
spectively. The regionswith an extremely significant increase in NPP ac-
count for the largest proportion. The dense distribution is mainly found
in the east of 97.5° E and also in other parts of the TRSR. The regionswith
a significant decrease and an extremely significant decrease in NPP ac-
count for only a very small proportion, and the distribution is sporadic.

The NPP variations across the three source regions at three time
scales are calculated (Fig. 6). At the 31-year time scale, the vegetation
NPP across all three source regions exhibits a generally increasing
trend. The areawith an increase inNPP is the largest in the source region
of the Yellow River (79.37%). Meanwhile, the areas with an increase in
NPP in the source regions of the Yangtze River (55.92%) and the
Lantsang River (56.07%) are very similar. The proportions of areas
with NPP decrease are all small across the three source regions. Before
the 21st century, the area with an increase in NPP also accounts for
the largest proportion in the south region of the Yellow River. The pro-
portions are similar in the source regions of the Yangtze River and the
Lantsang River. However, for most parts of the three source regions,
the variation in NPP is insignificant, and nearly no region exhibits a sig-
nificant decrease in NPP. After the 21st century, the proportions of areas
with an increase in NPP all decrease considerably across the three
source regions; by contrast, the proportions of areas with a reduction
in NPP rise markedly. The proportion of areas with a decrease in NPP
is largest in the source region of the Lantsang River (25.98%), followed
by that of the Yangtze River (18.65%).
Fig. 4. Dynamics of annual NPP in the TRSR.
3.2. Quantitative analysis of driving factors of interannual variation in NPP
in the TRSR

3.2.1. Correlations between NPP and climate factors
Correlation analysis is performed between each climate factor and

the simulated NPP during the growth season. One point to note is that
this analysis is closely related to the NPP model and climate interpola-
tion method. Over the entire TRSR, the correlation coefficients of tem-
perature, precipitation, and radiation to NPP in 31 years are 0.22, 0.07,
and 0.46, respectively (P b 0.05). The correlation coefficients of NPP to
each climate factor in the three source regions are calculated (Fig. 7).
A significant difference is observed before and after the 21st century.
After 2001, the positive correlations between NPP and temperature in
the three source regions all decrease compared with those before
2001. NPP is negatively correlated with precipitation in the source re-
gions of the Yangtze River (Fig. 7a) and the Yellow River (Fig. 7b) before
2001. Afterward, the two are either positively correlated or negatively
correlated to a smaller extent. For the source region of the Lantsang
River (Fig. 7c), the positive correlation between NPP and precipitation
before 2001 changes into a negative correlation. After 2001, the positive
correlation between temperature and NPP in the TRSR has weakened,
whereas their negative correlation has become enhanced. By contrast,
the positive correlation between precipitation and NPP has become en-
hanced, whereas their negative correlation has weakened. These results
indicate that the factor that restricts the growth of NPP in the TRSR has
changed from temperature and radiation to precipitation.
3.2.2. Contributions of climate factors to interannual variation in NPP
The correlation coefficient characterizes the degree of correlation

between NPP and each climate factor. However, it cannot quantify the
influence of each climate factor on seasonal and annual variations in
NPP. To quantify the influence of each climate factor on interannual var-
iation in NPP, the contribution of each driving factor to interannual var-
iation in NPP is used to analyze the relationship of NPP to each climate
factor and human activity. The differences in various periods are com-
pared and shown in Fig. 8.

During the growth seasonof 1982–2000 (top rowof Fig. 8), the three
climate factorsmainly make positive contributions to NPP inmost parts
of the TRSR. The regionswith the highest contribution are located in the
east of the source region of the Yellow River. The average contributions
of temperature, precipitation, and radiation to NPP over the entire re-
gion are 0.75, 0.14, and 1.57 g cm−2 yr−2, respectively. Radiation
makes the greatest contribution to NPP trend among all climate factors.

The period of 2001–2012 (middle row of Fig. 8) experiences an
obvious change from the situation 19 years ago. The three climate factors
make negative contributions to NPP trend in most parts of the TRSR. The
average contributions of temperature, precipitation, and radiation to NPP
over the entire region are −0.05, −0.21, and −0.51 g cm−2 yr−2, re-
spectively. Solar radiation makes the greatest negative contribution to
NPP trend, and temperature makes the smallest negative contribution.

At the 31-year time scale (bottom row of Fig. 8), temperature seems
to always make a strong positive contribution to NPP over the entire re-
gion. Precipitation makes a strong positive contribution in the west of
the source regions of the YellowRiver and the Yangtze River. The average
contributions of temperature, precipitation, and radiation toNPP over the
entire region are 0.58, 0.73, and 0.09 g cm−2 yr−2, respectively. Solar ra-
diationmakes a strong positive contribution in the southeast of the TRSR
and a gradually increasing negative contribution in the northwest. Over
the entire TRSR, all three climate factors make positive contributions to
NPP trend. Solar radiation makes the strongest contribution, followed
by temperature, whereas precipitation makes a considerably weaker
contribution.

To analyze the actual effects of different climatic variation trends on
interannual variation in NPP, we combine the partial correlation coeffi-
cient and climate contributions of each climate factor to NPP. Table 1



Fig. 5. Gradation rate of the significance of variations in NPP in the TRSR in (a) 1982–2000, (b) 2001–2012, (c) and 1982–2012.
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presents the 12 combinations of partial correlation coefficients and cli-
mate contributions to NPP trend.

The proportions of areas with each combination before and after
2001 are calculated (Fig. 9). In 1982–2000, the area of Sol_sp_c+ is
the largest, reaching 55.86%. These regions are mainly distributed in
the east and south of the TRSR. The area with Tem_sp_c+ and
Tem_sn_c− also account for small proportions (1.72% and 1.58%, re-
spectively). In 2001–2012, the area of Sol_sp_c− is the largest
(8.93%), and the regions with Sol_sp_c− are concentrated in the east
and south of the TRSR. Moreover, the areas of Sol_sn_c+, Tem_sp_c+
and Pre_sn_c− also account for a smaller proportion (5.56%, 5.41%
and 3.34%, respectively). These results suggest that the variation in
solar radiation in the TRSR has the most extensive influence on NPP.
Around the 21st century, solar radiation initially increases and then de-
creases; such shift in solar radiation trend is the key reason for the
change from positive to negative contribution of climate factors to
NPP trend.

3.2.3. Contributions of driving factors to interannual variation in NPP
Based on the results in the previous sections, the total contributions

made by climate factors and UF are obtained, as shown in Fig. 10.
In 1982–2000 (top row of Fig. 10), the rate of interannual variation

in NPP is 1.99 g cm−2 yr−2, of which 2.47 g cm−2 yr−2 is contributed
by climate and−0.48 g cm−2 yr−2 byUF. Climatemakes a positive con-
tribution to NPP trend in most parts of the TRSR, with higher contribu-
tion in the east than in thewest. However, UF seems tomake a negative
Fig. 6.Area percentages of changes in NPP at different significant levels in each river source. SY (
region of the Lantsang River).
contribution to NPP trend. In most regions, UFmakes a negative contri-
bution to NPP trend, with higher contribution in the east than in the
west.

In 2001–2012 (middle row of Fig. 10), the rate of interannual varia-
tion in NPP is−0.23 g cm−2 yr−2, of which−0.78 g cm−2 yr−2 ismade
by climate and 0.55 g cm−2 yr−2 by UF. The climate factors make a
strong negative contribution to NPP trend in the east of the source re-
gion of the Yellow River and in the southeast of the source regions of
the Lantsang River and the Yangtze River. In the north of the source re-
gion of the Yellow River and in the middle of the source region of the
Yangtze River, a strong positive contribution is made by climate factors.

At the 31-year time scale (bottom row of Fig. 10), the rate of interan-
nual variation in NPP is 1.31 g cm−2 yr−2, of which 1.40 g cm−2 yr−2 is
made by climate factors and−0.09 g cm−2 yr−2 by UF. Climate factors
make a positive contribution toNPP trend inmost parts of the source re-
gion of the Yellow River and a negative contribution in the southwest of
the TRSR. UFmakes an intensive positive contribution in the east of the
source region of the Yellow River and the south of the Lantsang River.
The regions where UF makes a strong negative contribution are
scattered in the middle and eastern parts of the TRSR.

4. Discussion

This study analyzed the spatiotemporal dynamics ofNPP across differ-
ent periods around the 21st century, and the characteristics of different
river sources were compared. The results provided a new understanding
source region of the Yangtze River), SH (source region of the Yellow River), and SL (source



Fig. 7. Frequency by pixels of correlation coefficient between climate factors and annual NPP in each river source in two periods, i.e., 1982–2000 and 2001–2012. Source region of (a) the
Yangtze River, source region of (b) the Yellow River, and source region of (c) the Lantsang River.

Fig. 8. Contribution of climate factors to interannual variation in NPP in different periods in the TRSR.
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Table 1
Combinations of the responses of NPP to climate factors.

Combination name Between Partial correlation
coefficient (P b 0.05)

Contribution Meaning

Tem_sp_c+ NPP and temperature Positive Positive NPP increase induced by increasing temperature
Tem_sp_c− NPP and temperature Positive Negative NPP decrease induced by decreasing temperature
Tem_sn_c+ NPP and temperature Negative Positive NPP increase induced by decreasing temperature
Tem_sn_c− NPP and temperature Negative Negative NPP decrease induced by increasing temperature
Pre_sp_c+ NPP and precipitation Positive Positive NPP increase induced by increasing precipitation
Pre_sp_c− NPP and precipitation Positive Negative NPP decrease induced by decreasing precipitation
Pre_sn_c+ NPP and precipitation Negative Positive NPP increase induced by decreasing precipitation
Pre_sn_c− NPP and precipitation Negative Negative NPP decrease induced by increasing precipitation
Sol_sp_c+ NPP and solar radiation Positive Positive NPP increase induced by increasing solar radiation
Sol_sp_c− NPP and solar radiation Positive Negative NPP decrease induced by decreasing solar radiation
Sol_sn_c+ NPP and solar radiation Negative Positive NPP increase induced by decreasing solar radiation
Sol_sn_c− NPP and solar radiation Negative Negative NPP decrease induced by increasing solar radiation
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of vegetation dynamics in the TRSR in recent decades. In this study, veg-
etation NPP exhibited an increasing trend in the typical region of the
TRSR from 1982 to 2012. By contrast, several previous studies found
that vegetation had been degraded at different levels in the TRSR in re-
cent decades (Liu et al., 2006; Yang et al., 2006). Moreover, some studies
showed that vegetation decreased in some regions but increased in
others in recent decades (Liu et al., 2008b; Wang et al., 2008; Xu et al.,
2008). These results indicated that selecting different study areas and
time intervals can result in varying conclusions (Xu et al., 2011). In
1982–2012, the vegetation of the Yellow River, the Yangtze River, and
the Lantsang River source regions all exhibited a generally recovering
trend, with the Yellow River source region showing the biggest recovery
trend; such results are similar to those of previous research (Zhang et al.,
2014).

Climate change and human activities are the two major factors that
affect vegetation dynamics, particularly in high-altitude regions, which
are characterized by extremely fragile ecosystems. The present study
showed that the relationships among different driving factors and NPP
across different periods had varying characteristics. However, a general
agreement that the Tibetan Plateau is particularly sensitive to global cli-
mate change exists (Cheng andWu, 2007;Wang et al., 2007a). To detect
climate change, changes in temperature, precipitation, and solar radia-
tion during the growth season in 1982–2012 were calculated based on
the climate data collected from climate stations across the TRSR.

Fig. 11 shows the temporal variations in meteorological variables
during the growth season in the TRSR. The average temperature of the
TRSR during the growth season in 1982–2012was 4.60 °C, precipitation
Fig. 9. Responses of NPP to climatic variation trends.
was 358.93 mm, and solar radiation was 3111.33 MJ m−2. At the 31-
year time scale, temperature, precipitation, and solar radiation during
the growth season all exhibited an increasing trend, with an increase
rate of 0.08 °C yr−2, 2.75 mm yr−2, and 11.92 MJ m−2 yr−2,
respectively.

Before 2001, the regions with rapid temperature increase were dis-
tributed in the east of the source region of the Yellow River, where
NPP exhibited an obvious increasing trend. By contrast, temperature in-
crease slowed down during the growth season after 2001. Although cli-
mate warming was aggravated after the 21st century in the TRSR, such
warmingwasmainly contributed by higher temperatures duringwinter
(Xu et al., 2011; Liang et al., 2013). Harris (2010) suggested that vegeta-
tion was least affected by temperature when it was dormant in winter
compared with other growth stages in the Qinghai–Tibetan Plateau.

Scholars have researched on the response of vegetation to climate
change in the TRSR, and the results are different according to vegetation
types and climate conditions of the study area. Hu et al. (2011) found
that water and heat were the limiting conditions to vegetation growth,
and that water was more important than heat. Other studies, however,
found that the effect of temperature on vegetation was considerably
more than that of moisture in this region (Yang et al., 2005; Xu et al.,
2011), which is consistent with our results. The climate in the TRSR is
characterized by relatively abundant precipitation and lower tempera-
ture, which indicates that the effect of moisture on vegetation in this re-
gion is significantly less than that of temperature (Xu et al., 2011).
Karnieli et al. (2010) found that when energy was the limiting factor
for vegetation growth in the North American continent at higher lati-
tudes and elevations, a positive correlation existed between land sur-
face temperature and NDVI, which is also consistent with our results.
Our study also showed that precipitation mostly made negative contri-
butions to NPP trend in the eastern and middle parts of the TRSR after
the 21st century, which indicated that precipitation condition in this re-
gionwas unfavorable for vegetation growth during this period. The cor-
relation coefficient during this period indicated a negative correlation
between NPP and precipitation in this region, particularly in the south-
east area. This result also agrees well with Gao et al.'s (2013) study on
the Tibetan plateau because an increase in precipitation caused a de-
crease in temperature and radiation, which inhibited photosynthesis
in plants, while precipitation also increases soil erosion to some extent,
which decreases the soil organic matter content, thus reducing produc-
tivity. Furthermore, our study showed that the factor that restricted NPP
growth changed from temperature and radiation to precipitation after
the 21st century in the TRSR, on thewhole. We also found that solar ra-
diation was the key influential factor of interannual variation in NPP in
each period. Although the TRSR has abundant solar energy resource, the
distribution of solar energy is not uniform, and the influences from
monsoon and altitudinal gradient are significant. Solar energy decreases
from northwest to southeast. Solar radiation serves as an important en-
ergy source for the photosynthesis of plants. According to Nemani et al.
(2003), the largest global increase in NPP is mainly attributed to the



Fig. 10. Interannual variation trends of NPP and the contributions of climate factors and UF to NPP trend during different periods in the TRSR.
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decrease in cloud cover and the resulting increase in solar radiation.
Piao et al. (2006) showed that solar radiation exerted a larger influence
on vegetation NPP in the Tibetan Plateau compared with temperature
and precipitation.

Overall, given the increases in temperature and radiation in
1982–2001, as well as the decrease in radiation in 2001 to 2012, the
Fig. 11. Temporal variations in meteorological variables during the growth season
general climate condition in the TRSR changed from vegetation
growth-conducive to growth-hostile at the turn of the century.

As previously mentioned, both human factors and some natural fac-
tors are contained in the UF. Some of these environmental factors (such
as vegetation type and soil texture) are relatively stable on the time
scale, and their effect on NPP interannual variation can be neglected.
in the TRSR. (a) Average temperature, (b) precipitation, (c) solar radiation.
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Rodent pests significantly affect vegetation degradation in the TRSR.
Given that one of the dominant causes of rodent infestation is
overgrazing and rodent pest control is an important part of grassland re-
coverymeasures (Fang, 2013), this factor could be considered as an an-
thropogenic factor. The atmospheric CO2 factor is also likely to be
included in UF. Although CO2 fertilization could have a strong impact
on the Chinese carbon sink (Fang et al., 2003), its impact on grasslands
is the weakest and only accounts for 0.3% of the total NPP (Mu et al.,
2008). Sui et al. (2013) reported that the impacts of CO2 concentration
was obviously slighter than other climatic factors on carbon storage of
grassland ecosystems. Therefore, we suppose that anthropogenic fac-
tors play a crucial role in UF in the TRSR. Moreover, UF can be used to
evaluate the influence of human activities.

A grassland degradation pattern had already formed in the TRSR in
the 1970s (Liu et al., 2008b). The residents of this region are mostly Ti-
betans, who rely on grazing as their major source of income; however,
the educational and grazing methods of the residents are not too devel-
oped (Fang, 2013). Given the pursuit of short-term benefits of the resi-
dents as well as the lack of effective protection and management
measures during the 1980s and 1990s, vegetation degradation was ag-
gravated artificially in some areas of the TRSR through overgrazing, un-
reasonable farming, wood harvesting, collection of Chinese herbal
medicines, and gold mining (Wang and Cheng, 2000; Ren and Lin,
2005; Fan et al., 2010), with overgrazing as the most important reason
(Ren and Lin, 2005). Fan et al. (2010) pointed out that Tongde County,
Zeku County, and Henan County in the east of the TRSR suffered from
the largest grazing pressure before 2001, and our study also revealed
that human activities produced the greatest negative impact in these re-
gions during the same period. However, the general climate conditions in
this periodwere favorable to vegetation recovery, and the influence of cli-
mate conditions was larger than that of human activities. Thus, vegeta-
tion recovery was significant before 2001. After 2001, NPP decreased in
the TRSR primarily because of deteriorating climate conditions. However,
the influence of human activities was enhanced, and the negative contri-
bution of human activities to NPP trend before 2001 changed into a pos-
itive contribution after 2001, which counteracted the negative influence
of climate conditions on vegetation NPP during this period. This result
agrees well with the finding of the study of Chen et al. (2014) on the Ti-
betan Plateau. The Three-River Source Nature Reserve was designated in
2000 and it became the largest national nature reserve in China in 2003.
Major ecological protection projects and constructions, such as GTGP,
GWP, ecological immigration, treatment of “Black Beach,” and rodent
pest control, were launched in the TRSR to facilitate ecological restoration
and degradation control (Fang, 2013). A certain efficacy was achieved
(Fan et al., 2010; Liu et al., 2014; Tong et al., 2014). Thus, human activities
produced a favorable impact on vegetation recovery during this period.

At the 31-year time scale, climate conditionswere generally favorable
for vegetation growth,whereas human activities produced a negative im-
pact. As shown by the absolute values of the contributions made by cli-
mate and human activities, the influence on the interannual variation in
NPP of climate factors was always larger than that of human activities
in all periods. Given that the TRSR is located in the hinterland of the Tibet-
an Plateau, population is sparse in this region and human activities are
less intense. A considerable proportion of grassland cannot be utilized
or is rarely utilized in this region. Notably, the effect of some protection
projects is less than satisfactory. Looking forward, the effectiveness of res-
toration projects should be further adjusted to balance environmental
conservation and economic development. More plausible adaptation
strategies should be employed to cope with climate change.

However, there are still some driving factors (such as wind, N depo-
sition) of NPP dynamics that have not been considered in this study. Our
understanding of the effects of different driving forces on vegetation dy-
namics is still limited by available data and experimental proof. It is very
necessary for us to further study how to separately quantify the influ-
ence of climatic and anthropogenic factors more effectively and estab-
lish the quantitative effects of different human activities.
5. Conclusions

From 1982 to 2012, the average NPP in the TRSR demonstrated a
fluctuation but presented a generally increasing trend. The increase
rate was 1.31 g cm−2 yr−1. NPP increased significantly in 62.87% of
the total area, and the proportion of areas with NPP increase was the
largest in the source region of the Yellow River. Before 2001, NPP in-
crease over the entire TRSR was fast. The source region of the Yellow
River had the largest proportion of areas with an increase in NPP.
After 2001, NPP over the entire TRSR did not decrease considerably.
The source region of the Lantsang River had the highest proportion of
areas with a reduction in NPP.

During the entire study period, the average contributions of tempera-
ture, precipitation, and radiation to NPP interannual variation over the
whole region were 0.58, 0.73, and 0.09 g cm−2 yr−2, respectively. Solar
radiationwas the climate factorwith the greatest influence on interannu-
al variation in NPP. The comparison before and after 2001 showed that
the factor that restricted the increase in NPP changed from temperature
and radiation to precipitation. Overall, given the increases in temperature
and radiation during 1982–2001, and the decrease in radiation during
2001–2012, the general climate condition of the TRSR changed from veg-
etation growth-conducive to growth-hostile by the turn of the century.

During the entire study period, the average contributions of climate
change and human activities to NPP interannual variation over the
whole region were 1.40 g cm−2 yr−2 and −0.08 g cm−2 yr−2, respec-
tively. Before 2001, human activities had a negative impact on vegeta-
tion growth. After 2001, however, human activities made a favorable
impact on vegetation recovery.
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