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Abstract: The Sanjiangyuan National Park is the first Chinese national park system, and the
ecological environment is inherently fragile and sensitive. Therefore, for environmental protection,
it is imperative to understand the spatiotemporal variation characteristics of the ecological quality of
vegetation and its climate influence factors. We used the MODIS normalized difference vegetation
index (NDVI) dataset, meteorological dataset, and Carnegie—Ames—Stanford Approach (CASA)
model to investigate the spatiotemporal patterns and change trends of the NDVI and the net primary
productivity (NPP) of the vegetation in the Sanjiangyuan National Park from 2000 to 2016. A linear
regression model was used to explore the influence of the ecological quality of vegetation and
climatic factors. The results showed that (1) the NDVI and NPP were high in the southeast area and
low in the northwest area. The Yangtze River headwater region had the lowest NDVI (0-0.3) and
NPP (0-100 gC/m?). The Lancang River had the highest NDVI (0.4-0.8) and NPP (100-250 gC/m?).
(2) From 2000-2016, approximately 23.46% of the area showed a significant positive trend of the
NDVI that was mainly distributed in the prairie areas in the midlands and the north of the Yangtze
River headwater region, and was scattered in the midlands and the north of Yellow River headwater
region. Furthermore, 24.32% of the NPP was determined to have increased significantly, which was
mainly distributed in the midlands and the north of the Yangtze River headwater region, as well
as the midlands and the east of the Yellow River headwater region. (3) The vegetation growth in
the Sanjiangyuan National Park was regulated by both water and heat conditions. The NDVI was
significantly affected by precipitation during the growing season and by the annual precipitation.
In addition, the NPP was significantly affected by temperature during the growing season and by the
annual average temperature of the study area.

Keywords: CASA; climate influence; MODIS NDVI; NPP; Sanjiangyuan national park; spatiotemporal
variation; vegetation type

1. Introduction

Vegetation is the core of material circulation and energy flow on Earth, and plays a crucial role
in the ecosystem [1]. Vegetation is not only an important environmental factor, but also a sensitive
indicator of the land’s ecosystem [2]. With the increase in large-scale productivity studies and the
progress in understanding plant eco-physiological processes, gross primary production (GPP) and
net primary productivity (NPP) have been proposed to represent the productivity of vegetation [3].
Defined as the amount of organic matter produced by green plants per unit of time and area [4],
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NPP indicates the balance between the carbon gained by GPP and the carbon released by plant
respiration [5]. And the normalized difference vegetation index (NDVI) as displayed in temporal
variation of a spectral vegetation index has been used to reflect the state of vegetation cover, which is
calculated as the difference between the near-infrared and visible reflectances divided by the sum of
the two [6].

The Sanjiangyuan region lies in the hinterland of the Qinghai-Tibet Plateau, Qinghai Province,
China and is generally considered to be one of the most sensitive zones to climate change in the
world [7,8]. In recent decades, understanding the spatial and temporal patterns of vegetation and
its interactions with environmental factors (i.e., climate factors and anthropogenic factors) has been
the focus of studies on global climate change [9-12]. As an important aspect of the studies on
global climate change and the response of vegetation to the changes [13], a series of studies have
been carried out in the Sanjiangyuan region. Many scholars have studied the spatial and temporal
distribution of vegetation status (i.e., NDVI, NPP) and the effects of climate change and human
activities on the vegetation status. The methods used to estimate NPP in the Sanjiangyuan region can
be broadly divided into two categories: Field measurements and model simulations [14]. Among these
techniques, the Carnegie-Ames-Stanford Approach (CASA) model has been successfully applied
as a remote-sensing-based approach to mapping NPP patterns worldwide, including in mainland
China [15]. These approaches are relatively simple and are efficient for the exploration of dynamic
changes in NPP and their spatiotemporal variations at larger scales.

Since the year 2000, the Chinese government has adopted a variety of measures to protect and
restore the ecological environment, including the creation of the Sanjiangyuan National Nature Reserve
(SNNR) in 2000 and the implementation of a project of ecological protection and construction for the
SNNR. The overall trends of the degradation of the ecosystem were initially contained and partially
improved [16]. The effectiveness of ecological conservation has been assessed quantitatively, and the
contributions of climate change and human activity to vegetation growth were calculated to be 79.32%
and 20.68%, respectively [17].

In particular, the establishment of the Sanjiangyuan National Park in 2016 has further strengthened
the efforts to protect the authenticity and integrity of ecosystem. Thus, human disturbances to vegetation
cover in the Sanjiangyuan National Park have been strictly limited. Climatic conditions can be considered
to be the dominant factor determining vegetation dynamics and ecological quality status. Therefore,
the examination of the spatiotemporal patterns of the status of vegetation and environmental controls
is necessary and is of great importance to the decision-making regarding vegetation protection and
restoration by the management of Sanjiangyuan National Park. The aims of this study are (i) to examine
the spatial pattern of NDVI and NPP in Sanjiangyuan National Park, (ii) to explore the response of
different vegetation types to climate change in Sanjiangyuan National Park, and (iii) to investigate
the relationships between NDVI, NPP, and climate factors at a spatiotemporal scale in Sanjiangyuan
National Park.

2. Materials and Methods

2.1. Study Area

The Sanjiangyuan National Park is located in the south of Qinghai province, between 33°09” and
36°47’ N and between 89°50” and 95°18’ E. It covers a total area of 123,100 km?, accounting for 31.16%
of the total area of the Sanjiangyuan region. The Sanjiangyuan National Park is the source of three
important rivers in Asia, i.e., the Yellow, Yangtze, and Lancang Rivers. The Yellow River headwater
region is located in Maduo county, Guoluo prefecture and covers an area of 19,100 km?Z; the Yangtze
River headwater region (Kekexili) is located in Zhiduo and Qumalai counties of Yushu prefecture and
covers an area of 90,300 km?; and the Lancang River headwater region is located in Zaduo county,
Yushu prefecture and covers an area of 13,700 km?. The altitude of the Sanjiangyuan National Park
is 3774-6821 m. The Yangtze River headwater region has the highest average altitude, at 4772 m,
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followed by the Lancang River, at 4734 m, while the Yellow River headwater region has the lowest
average altitude, at 4400 m (Figure 1).
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Figure 1. Geographical location, altitude, and vegetation distribution of the Sanjiangyuan National Park.
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Generally, the vegetation types in Sanjiangyuan National Park mainly include coniferous forest,
shrub, meadow, prairie, and alpine vegetation. Meadow and prairie are the most important types
of ecosystems, accounting for 45.42% and 37.23% of the total area, respectively, followed by alpine
vegetation. Spatially, the vegetation of the studied region is differentiated along the gradient of
precipitation, especially in the Yangtze River headwater region, where the precipitation gradually
increases from west to east. In the western and driest part of the region (200-300 mm precipitation/year),
sub-desert steppe is dominant, and gradually tends toward the east into steppe xeric grasslands
dominated by Stipa purpurea. The eastern part of the region is occupied by rich-in-species mesoxeric
steppe grasslands (450-550 mm/year). In the Lancang area, the rich-in-species s mesoxeric steppe
grasslands are predominant, but in the valleys at its eastern border, there are conifer forests dominated
by Picea likiangensis, Picea purpurea, and Pinus densata. The Yellow River headwater region is
dominated in the northern half by xeric steppes with Stipa purpurea, while in the south, in the context
of a more humid climate, the rich-in-species and very dense mesoxeric steppes are predominant [18-21].
The studied area is also, according to the Worldwide Fund for Nature(WWEF), a part of the Central China
eco-region that is particularly important for the conservation of large mammal fauna, containing the
rare snow leopard, Panthera uncia, and many ungulate species [22,23]. This fauna, with most of its
valuable species in a critically endangered/endangered status, depends on the state of the vegetation of
the region.

2.2. Data Collection and Processing

Currently, the widely used NDVI datasets are primarily based on an advanced very-high-resolution
radiometer (AVHRR), SPOT-VEGETATION, and MODIS sensors [24-27]; the significant differences
in sensors, spatiotemporal resolution, and vegetation indexes result in identical surface reflectance
producing different NDVIs. Among these NDVI datasets, the MODIS NDVI dataset has a relatively
high spatial resolution of 250 x 250 m and sufficient temporal resolution of 16 days, and the MODIS
time series, based on a single sensor, can effectively inhibit the influence of a platform/sensor shift [28].
Therefore, the MODIS NDVI datasets from the year 2000 to 2016 were derived from NASA’s Earth
Observing System and used in this study. The NDVI datasets were selected only during the growing
season (May-October), which represents the active status of plant growth, and the maximum growing
season NDVI was chosen to represent the yearly NDVI. Pixel NDVI datasets were obtained using the
maximum value composite (MVC) method, which selects the highest observation for each pixel from
a predefined compositing period to represent the current period, and could minimize the effects of
clouds, atmospheric conditions, and solar altitude [29].

The climatic datasets consisting of daily mean temperature and daily precipitation data from
the year 2000 to 2016 were collected from the National Meteorological Center of China. There are
17 meteorological stations in the Sanjiangyuan National Park and its neighboring regions. The spatial
locations of the meteorological stations are shown in Figure 1. The inverse distance weighted technique
was used to interpolate the data into raster layers [30]. For further analysis, the spatial time series of
the yearly NDVI, NPP, temperature, and precipitation from the year 2000 to 2016 were generated.

2.3. Methods

2.3.1. Framework of NPP Assessment

A process-based Carnegie-Ames-Stanford Approach (CASA) model was used to simulate net
primary productivity (NPP) for the carbon sequestration function. NPP at a grid cell (x) in month tis a
product of intercepted photosynthetically active radiation (IPAR) and a light utilization efficiency (¢) that
is modified by temperature and soil moisture. Neither IPAR nor ¢ is dependent on ecosystem type [31].

NPP(x,t) = IPAR(x,t) X (x,t) 1)

IPAR(x,t) = SOL(x,t) X FPAR(xt) X 0.5 @)
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SOL is the total solar radiation incident on grid cell x in month t (MJ/m?) [32], FPAR is the fraction
of the incoming photosynthetically active radiation (PAR) intercepted by green vegetation, and the
factor of 0.5 accounts for the fact that approximately half of the incoming solar radiation is in the PAR
waveband (0.4-0.7 um) [33].

FPAR is calculated based on the AVHRR simple ratio (SR), where

1 + NDVI(x, t)

SR(x,t) =
8 = T v o

®)
SR(x,t) — SRmin

FPAR =
() [SRmax — SRmin’

95 4

SRmin represents SR for unvegetated land areas and is set to 1.08 for all grid cells [31].
SRmax approximates the value at which all downwelling solar radiation is intercepted and corrects for
effects of canopy architecture and residual cloud contamination. ¢ is calculated based on temperature

and water condition [31]:
e(x,t) = Te1(x,t) X Tea(x,t) X We(x,t) X e* 5)

where T and T, account for the effects of temperature stress, We accounts for effects of water stress,
and ¢* is the maximum possible efficiency and is set to 0.56 g C/M]J [34].

2.3.2. Trends and Regression Analysis

To investigate the relationship between vegetation and climatic factors, the linear trends for yearly
NDVI, NPP, annual precipitation, and average temperature were first analyzed, and linear regression
models based on the climate factors and NDVI and NPP were constructed. The linear time trend was
estimated by regressing it as a function of time over the study period; the slope of each variable is
expressed as follows:

. . \
YioqixVy)-Xioqix oo 4

slope = o) (6)
s - S
where V; represents the value of the sequence in year i and n is the length of the sequence.
The elementary structure form of the linear regression model for different data is as follows:
Gi: a +in+ei (7)
N — —
DY - X) x (Y, - Y
b — i=1 21 ) ( 8)
- —
i1 (X - X)
a=Y -bX )

Parameters a and b are estimated by the least squares method; e; is residual error; Y; represents
NDVI or NPP, while X; is average temperature or precipitation. Y is the mean of all monthly NVDI
or NPP from 2000 to 2016 at the corresponding pixel. X is the mean of all average temperature or
precipitation data from 2000 to 2016 at the corresponding pixel.

2.3.3. Trends and Relationship Classification

To check the validity, a significance test is required. The F-test was used to test for the significance of
the linear trend and the correlation coefficient between vegetation and climatic factors. More specifically,
changing trends were divided into five categories: Extremely significant increase (ESI), significant
increase (SI), extremely significant decrease (ESD), significant decrease (SD), and insignificant change
(IS), according to the slope and significance level of the F-test. A changing trend is considered to be
an ESI if slope > 0 and p < 0.01, SI if slope > 0 and 0.01 < p < 0.05, ESD if slope < 0 and p <0.01,
SD if slope < 0 and 0.01 < p < 0.05, and an IS if slope = 0 or p > 0.05. The relationships were then
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divided into five categories (extremely significant positive correlation (ESPC), significant positive
correlation (SPC), extremely significant negative correlation (ESNC), significant negative correlation
(SNC), and insignificant correlation (ISC)) according to the correlation coefficient and significance
level of the F-test. It is considered an ESPC if the correlation coefficient > 0 and p < 0.01, SPC if the
correlation coefficient > 0 and 0.01< p < 0.05, ESNC if the correlation coefficient < 0 and p < 0.01, SNC if
the correlation coefficient <0 and 0.01< p < 0.05, and ISC if the correlation coefficient = 0 or p > 0.05.

3. Results

3.1. Spatial Patterns of NDVI and NPP

The spatial distributions of the perennial average values of NDVI and NPP in the Sanjiangyuan
National Park are shown in Figure 2. Overall, the NDVI was high in the southeast and low in the
northwest. Similar results have been reported in previous research [35]. For the entire region, the
mean annual maximum NDVI from 2000-2016 was 0.31, ranging from 0.06 to 0.82. The Yangtze River
headwater region had the lowest NDVI, which was mostly concentrated between 0 and 0.3, and the
Lancang River headwater region had the highest NDVI, which was mostly concentrated between 0.4
and 0.8. It was clear to see that the NPP had similar spatial distribution patterns of high in the southeast
and low in the northwest, and the mean annual NPP from 2000-2016 was 93 gC/m?, ranging from 0.01
to 410.62 gC/m?2. The NPP of the Yangtze River headwater region was predominantly 0-100 gC/m?,
and 100-250 gC/m? for the Lancang River headwater region.
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Figure 2. Spatial distribution of normalized difference vegetation index (NDVI) (a), net primary
productivity (NPP) during 2000-2016 (b).

Among the different vegetation types (Figure 3), the perennial average NDVI ranged from 0.19 to
0.67, and the NPP ranged from 39.77 to 352.36 gC/m?. The coniferous forests had the highest values of
NDVI and NPP, followed by the shrub and meadow, while the prairie had the lowest values of NDVI
and NPP.
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Figure 3. Perennial average NDVI (a), NPP of different vegetation types (b).
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3.2. Regional Scale Changes in NDVI and NPP

Based on an analysis of time-series data from 2000 to 2016, the regional NDVI and NPP conditions
of the Sanjiangyuan National Park exhibited a slightly increasing trend, with an annual increase by
an average of 0.0009/a and 0.7523 gC/m?/a, respectively. According to an intuitive analysis of the
interannual statistical data, there was a decline in NDVI and NPP after 2014 [36], which may be due to
climate change or the ignorance of spatial heterogeneity [37,38]. Therefore, to reduce the impact of the
value of possible outliers, we analyzed the trends of NDVI and NPP from 2000 to 2014. From 2000 to
2014, the NDVI exhibited a significant increasing trend in all vegetation types (Table 1). Shrub exhibited
the highest rate of 0.0028/a (p < 0.05) by ranging from 0.5714 to 0.6444, followed by the meadow with a
rate of 0.0026/a (p < 0.05), ranging from 0.4081 to 0.4691. From 2000 to 2014, the NPP also exhibited a
significant increasing trend in all vegetation types. Shrub had the highest rate, 2.90 gC/m?/a (p < 0.05),
by ranging from 224.60 to 301.92 gC/m?/a, followed by the meadow with a rate of 2.03 gC/m?/a
(p < 0.05), ranging from 121.40 to 184.25 gC/m2/a.

Table 1. Slopes of NDVI and NPP changes in different vegetation types.

NDVI NPP
Vegetation Type Slope
2000-2014 2000-2016 2000-2014 2000-2016

Coniferous forest 0.0025 * 0.0011 2.35* 0.72
Shrub 0.0028 ** 0.0012 2.9 ** 1.60

Prairie 0.0019 *** 0.0011 ** 0.65 ** 04*
Meadow 0.0026 ** 0.0009 2.03 ** 1.05
Alpine vegetation 0.0018 ** 0.0009 0.83 * 0.55

*,** and *** represent 0.05 < p < 0.1,0.01 < p < 0.05, and p < 0.01, respectively.

From 2000 to 2014, the NDVI exhibited a significant increasing trend in the study area, with a rate
of increase of 0.0022/a, ranging from 0.32 to 0.36 (p < 0.05) (Figure 4a). There were significant differences
between the three headwater regions; the annual maximum NDVI at the Yellow River headwater region
ranged from 0.39 to 0.47, with a significant upward trend at a rate of 0.0035/a (p < 0.05) (Figure 4b),
which was faster than the trend of the entire study area. The annual maximum NDVI at the Yangtze
River headwater region ranged from 0.26 to 0.30, with a significant upward trend at a rate of 0.0020/a
(p < 0.05) (Figure 4c). However, the annual maximum NDVI at the Lancang River headwater region
ranged from 0.50 to 0.56 with no significant change (Figure 4d).

The annual NPP exhibited a significant upward trend at a rate of 1.3824 gC/m?/a (p < 0.05), ranging
from 81.49 to 123.46 gC/mz/a between 2000-2014 (Figure 5a). The annual NPP at the Yellow River
headwater region ranged from 107.22 to 180.37 gC/m?/a, with a significant upward trend at a rate of
2.661/a (p < 0.05) (Figure 5b), which was faster than the trend for the entire study area. The annual
NPP at the Yangtze River headwater region ranged from 57.38 to 88.50 gC/m?/a (Figure 5c), with a
significant upward trend at a rate of 1.0207 gC/m?/a (p < 0.05), which was slower than the trend for
the entire study area. However, the annual NPP at the Lancang River headwater region ranged from
183.73 to 245.58 gC/m?/a (Figure 5d) with no significant change.

3.3. Pixel Scale Changes in NDVI and NPP

The NDVI and NPP trends were also analyzed based on the pixel data to discover their changing
trends more comprehensively. Although the trends in NDVI and NPP exhibited no significant trend
from 20002016, they indicated a high degree of spatial heterogeneity on a per-pixel analysis, as shown
in Figure 6. In general, NDVI and NPP showed insignificant changes in most regions, accounting
for 75.15% and 75.40%, respectively. The areas for NDVI and NPP with increased change (extremely
significant increase + significant increase) accounted for 23.46% and 24.32% of the area, respectively.
Spatially, the regions of increased change in NDVI were mainly distributed in the prairie areas in the
midlands and north of the Yangtze River headwater region, and scattered in the midlands and north of
the Yellow River headwater region. The regions of increased change in NPP were mainly distributed
in the midlands and north of the Yangtze River headwater region, and the midlands and east of the
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Yellow River headwater region. In addition, only a small percentage showed a decreasing trend of

approximately 1.39% and 0.29% of the Sanjiangyuan National Park area for NDVI and NPP.
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Figure 4. Temporal variations of the NDVI for the Sanjiangyuan National Park (a), the Yellow River
headwater region (b), the Yangtze River headwater region (c), and the Lancang River headwater

region (d).
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Figure 6. Spatial distribution of NDVI change (a) and NPP change (b) from 2000-2016.

The Yangtze River headwater region had the largest proportion of extremely significant increase
in NDVI (13.58%), and the Yellow River headwater region had the largest proportion of extremely
significant increase in NPP (23.24%), whereas the Lancang River headwater region showed no significant
change for either NDVI or NPP (Tables 2 and 3).

Table 2. NDVI changes in different areas of the Sanjiangyuan National Park.

Region ESI SI IS SD ESD
Yellow River 6.27% 11.40% 81.28% 0.73% 0.32%
Lancang River 0.36% 1.75% 94.73% 2.49% 0.68%
Yangtze River 15.20% 13.58% 70.08% 0.78% 0.36%
Sanjiangyuan 11.78% 11.68% 75.15% 1.00% 0.39%

Table 3. NPP changes in different areas of the Sanjiangyuan National Park.

Region ESI SI IS SD ESD
Yellow River 11.04% 23.24% 65.61% 0.07% 0.03%
Lancang River 0.43% 2.35% 97.07% 0.12% 0.02%
Yangtze River 9.92% 15.74% 73.98% 0.21% 0.14%
Sanjiangyuan 8.97% 15.35% 75.40% 0.18% 0.11%

3.4. Changes in Annual Precipitation and Average Temperature

Based on an analysis of time-series data of the annual precipitation and the annual mean
temperature from 2000-2016, there was no obvious trend for the annual precipitation, while there was
a significantly increasing trend of the annual mean temperature at the regional scale. The variation rate
of annual precipitation was 1.07 mm/a (p > 0.1), and the variation rate of annual mean temperature
was 0.05 °C/a (p < 0.01). Similarly to NDVI and NPP, the trend for annual precipitation and annual
average temperature for the 2000-2014 period was analyzed. The regional climate conditions of the
Sanjiangyuan National Park exhibited a significantly warming and wetting trend from 2000-2014,
with an annual increase in the precipitation and temperature of 4.37 mm/a (p < 0.05) and 0.05 °C/a
(p = 0.05), respectively.

The Yellow River headwater region indicated a significant increasing trend in annual precipitation
at a rate of 7.03 mmy/a (p < 0.05) (Figure 7b), and the Yangtze River headwater region also indicated
a slightly significant increase trend at a rate of 3.83 mm/a (p < 0.1) (Figure 7c), while the Lancang
River headwater region showed no significant change in annual precipitation (Figure 7d). The annual
average temperature at the Yellow River headwater region exhibited a significant upward trend at a
rate of 0.0433 °C/a (p = 0.053) (Figure 8b), the Yangtze River headwater region at a rate of 0.0483 °C/a
(p = 0.053) (Figure 8c), and the Lancang River at a rate of 0.0543 °C/a (p = 0.05) (Figure 8d).
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Figure 7. Temporal variations of the annual precipitation for the Sanjiangyuan National Park (a),
the Yellow River headwater region (b), the Yangtze River headwater region (c), and the Lancang River
headwater region (d).
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3.5. Response of Vegetation to Climatic Conditions at Regional Scale

The linear regression analysis between the NDVI and NPP and the annual precipitation and
annual average temperature indicated a highly significant positive correlation between NDVI and
annual precipitation and between NPP and annual average temperature in the Sanjiangyuan National
Park (Table 4, Figures 9 and 10).

Table 4. NDVI-precipitation, NDVI-temperature, NPP—precipitation, and NPP-temperature
correlation coefficients.

NDVI NPP
Region Annual Annual Average Annual Annual Average
Precipitation Temperature Precipitation Temperature
Yellow River 0.6281 *** 0.2554 0.4828 ** 0.4610 *
Lancang River 0.5210 ** 0.1930 0.0802 0.5137 **
Yangtze River 0.6849 *** 0.3569 0.3925 0.5350 **
Sanjiangyuan 0.6729 *** 0.3392 0.3526 0.5396 **

*,** and *** represent 0.05 < p < 0.1,0.01 < p < 0.05, and p < 0.01, respectively.
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Figure 9. Scatter plot of NDVI-annual precipitation for the Sanjiangyuan National Park (a), the Yellow
River headwater region (b), the Yangtze River headwater region (c), and the Lancang River headwater

region (d).

The correlation coefficient of NDVI and annual precipitation was 0.6729 (p = 0.0031), and the
Yangtze River headwater region had the highest correlation coefficient of 0.6849 (p = 0.0024).
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The correlation coefficient of NPP and annual average temperature was 0.5396 (p = 0.0254), and the
Yangtze River headwater region had the highest correlation coefficient of 0.5350 (p = 0.0625).
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Figure 10. Scatter Plot of NPP-annual average temperature for the Sanjiangyuan National Park (a),

the Yellow River headwater region (b), the Yangtze River headwater region (c), and the Lancang River
headwater region (d).

There was no significant correlation between NDVI and annual average temperature in all three
parks, and no significant correlation between NPP and annual precipitation in the Yangtze and Lancang
Rivers. However, a positive correlation between NPP and annual precipitation was detected in the
Yellow River (R = 0.4828, p = 0.05).

The response of vegetation to climatic conditions indicated a highly significant positive correlation
between NDVI and annual precipitation among all vegetation types, especially in the meadow and
prairie (Table 5). The correlation coefficient of NDVI and annual precipitation was 0.6930 (p = 0.0020) for
the meadow and 0.6105 (p = 0.0092) for the prairie. A significant positive correlation between NDVI and
annual average temperature was also detected in the prairie, shrub, and alpine types, with correlation
coefficients of 0.4671 (p = 0.0587), 0.4417 (p = 0.0759), and 0.4221 (p = 0.0915), respectively. In addition,
the unilateral significance test of the influence of the average annual temperature on NDVI passed
the 95% confidence level. However, no significant relationships between NDVI and annual average
temperature were detected in the meadow and coniferous forest. Furthermore, a highly significant
positive correlation between NPP and annual average temperature were also detected among all
vegetation types, but there were no significant relationships between NPP and annual precipitation.
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Table 5. NDVI-precipitation, NDVI-temperature, NPP—precipitation, and NPP-temperature correlation
coefficients among the vegetation types.

NDVI NPP
Vegetation Types Annual Annual Average Annual Annual Average
Precipitation Temperature Precipitation Temperature

Coniferous forest 0.4778 * 0.3262 0.1353 0.4571 *
Shrub 0.5848 *** 0.4221* 0.1977 0.5486 **
Prairie 0.6105 *** 0.4671* 0.3424 0.5935 **
Meadow 0.6930 *** 0.2987 0.3722 0.5146 **
Alpine vegetation 0.5564 ** 0.4417* 0.1509 0.643 ***

*,**, and *** represent 0.05 < p < 0.1, 0.01< p < 0.05, and p < 0.01, respectively.

3.6. Response of Vegetation to Climatic Conditions at Pixel Scale

The relationships between NDVIand annual precipitation, as well as NPP and average temperature,
were also analyzed using the pixel data. In general, a positive correlation was detected in 32.11% of
regions between NDVI and annual precipitation, and 67.64% of regions showed insignificant correlation,
whereas a very small proportion indicated a negative correlation (0.25%) (Table 6). Spatially, the regions
of positive correlation were mostly distributed in the meadow areas in the east and south of the
Yangtze River headwater region and in the midlands and northwest of the Yellow River headwater
region (Figure 11a). The Yangtze River headwater region had the largest proportion of extremely
significant positive correlation (15.32%) and of significant positive correlation (18.59%) (Table 6).
Notably, a considerable proportion (approximately 46.09%) of the areas indicated a positive correlation
between NPP and annual average temperature, and 53.90% of regions showed insignificant correlation,
whereas a small proportion indicated a negative correlation (0.01%) (Table 7). Spatially, the regions of
positive correlation were mostly distributed in the prairie and meadow areas in the west and north of
the Yangtze River headwater region and in the midlands and south of the Yellow River headwater
region (Figure 11b). The Yangtze River headwater region had the largest proportion of extremely
significant positive correlation (24.56%) and of significant positive correlation (29.60%) (Table 7).

Table 6. NDVI-annual precipitation correlations in different areas of the Sanjiangyuan National Park.

Region ESPC SPC ISC SNC ESNC
Yellow River 13.17% 20.06% 66.63% 0.10% 0.00%
Lancang River 5.49% 15.45% 78.86% 0.18% 0.01%
Yangtze River 15.32% 18.59% 65.80% 0.23% 0.06%
Sanjiangyuan 13.69% 18.42% 67.64% 0.20% 0.05%
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Figure 11. Spatial distribution of the NDVI-annual precipitation relationship (a) and the NPP-annual
average temperature relationship (b).
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Table 7. NPP-annual average temperature correlations in different areas of the Sanjiangyuan

National Park.
Region ESPC SPC ISC SNC ESNC
Yellow River 3.34% 18.77% 77.88% 0.01% 0.00%
Lancang River 8.38% 21.15% 70.45% 0.02% 0.01%
Yangtze River 24.56% 29.60% 45.82% 0.01% 0.00%
Sanjiangyuan 19.23% 26.86% 53.90% 0.01% 0.00%

4. Discussions

NDVI and NPP are of great significance for evaluating vegetation dynamics and ecological
quality status. Vegetation dynamics and ecological quality status are comprehensively affected by the
biochemical characteristics of vegetation, climatic conditions, and human disturbances [39-41]. As the
first Chinese national park system, Sanjiangyuan National Park is also the most concentrated and
ecologically sensitive area in the high-altitude areas of the world. The status of the vegetation of the
region is highly sensitive to climatic changes. Therefore, we analyzed the temporal and spatial change
of NDVI and NPP and investigated the response of vegetation to climate conditions.

4.1. The Spatiotemporal Variation of Vegetation NDVI and NPP

No obvious positive or negative trend was detected in the annual NDVI and NPP time series
between 2000-2016, though a significant increasing trend was generalized during the 2000-2014
period. The findings were similar to those of the studies by Xu et al. and Ze et al. [36,42]. However,
Zheng et al. [43] reported no positive or negative trend in annual GIMMS AVHRR NDVI time series
during 2001-2013. This further clarified that different NDVI datasets and different processing methods
for NDVI datasets could induce different findings. There was a high degree of spatial heterogeneity of
the annual NDVI and NPP time series from 2000-2016 in the Sanjiangyuan National Park. Generally,
an insignificant increase or decrease in NDVI and NPP was detected in most parts of the region,
and only a very small fraction showed a decreasing trend. The areas with obvious increased change
were mainly distributed in the prairie areas in the Yangtze River headwater region and Yellow River
headwater region. A previous study in the upper catchments of the Yellow River also confirmed that
vegetation was relatively stable, with a significantly increasing trend in the largest part of the study
area. Approximately 20%-30% of the vegetation was significantly correlated with climatic factors, and
the correlations in most areas were positive [44].

4.2. The Response of Vegetation to Annual Precipitation and Annual Average Temperature

There was no significant increasing or decreasing trend in annual precipitation, but there was
a significant increase in the average annual temperature from 2000-2016. Similar conclusions have
been found in previous studies. For example, Jiang and Zhang [45] indicated that 100% of the stations
in the Three-Rivers Headwater Region showed an increasing temperature trend in the 21st century.
Lan et al. [46] reported that average annual precipitation change in the Yellow River headwater
region has not been evident in the past 50 years as a whole. Studies have shown that in the arid and
semi-arid regions, the NDVI was mainly influenced by the precipitation and had little correlation
with temperature [47,48]. The findings in this study also drew similar conclusions. There existed a
highly significant positive correlation between NDVI and annual precipitation among all vegetation
types, especially in the meadow and prairie. A weak significant positive correlation between NDVI
and annual average temperature was detected in the prairie, shrub, and alpine types. In addition,
the annual average temperature establishes the important climatic factor influencing the NPP, while no
significant linear correlation was detected between the NPP and annual precipitation.

4.3. The Response of Vegetation to Precipitation and Average Temperature of Different Months

It is possible that the data homogenization with annual scale analysis would cause the weak
correlations between temperature and NDVI and between precipitation and NPP. We explored
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the relationships between monthly precipitation and average temperature during the growing
season with NDVI and NPP. Several interesting findings were identified: (i) There was a positive
relationship between precipitation during the growing season and NDVI (R = 0.6639, p < 0.01).
Notably, the precipitation during the growing season was significantly correlated with the annual
precipitation (R = 0.9660), which illustrated that the precipitation during the growing season was the
main factor influencing annual precipitation and NDVL. (ii) There was no significant correlation between
the average temperature during the growing season and the NDVI. However, a positive relationship
was detected between the average temperature in May and NDVI for the Yellow River (R = 0.5056,
p < 0.05), the average temperature in September and NDVI for the Yangtze River (R = 0.5158, p < 0.05),
and the average temperature in July and NDVI for the Lancang River headwater region (R = 0.4589,
p = 0.064). (iii) There was also a positive relationship between the average temperature during the
growing season and NPP (R = 0.7817, p < 0.001). Additionally, the Yellow River headwater region
exhibited a correlation coefficient of 0.8055. (iv) A positive relationship was detected between the
precipitation in July and NPP for the Yellow River (R = 0.3824, p < 0.05), and a weak positive relationship
was detected between the precipitation in July and NPP for the Yangtze River headwater region
(R =0.1312, p = 0.07).

5. Conclusions

This study analyzed the spatiotemporal patterns of NDVI and NPP from 2000 to 2016 and
investigated their responses to climate factors. We drew the following conclusions:

(1) There was a significant spatial heterogeneity of NDVI and NPP in the Sanjiangyuan National
Park. Generally, the NDVI and NPP values were high in the southeast and low in the northwest.
The Yangtze River headwater region had the lowest value of NDVI, mainly in the range of 0 to
0.3, and of NPP, mainly in the range of 0 to 100 gC/m?; the Lancang River had the highest value of
NDVI, mainly in the range of 0.4 to 0.8, and of NPP, mainly in the range of 100 to 250 gC/m?. As for
the five vegetation categories, the coniferous forests had the highest values of NDVI and NPP,
followed by the shrub and meadow, while the prairie had the lowest values of NDVI and NPP.

(2) There were no obvious positive or negative trends in the annual NDVI and NPP time series
from 2000-2016. However, a general significant increasing trend was found during the 2000-2014
period with an average annual growth rate of 0.0022/a (p < 0.05) and 1.3824 gC/m?/a (p < 0.05).
From 2000-2016, approximately 23.46% of the area showed a significant positive trend of NDVI
that was mainly distributed in the prairie areas in the midlands and the north of the Yangtze
River headwater region and in the midlands and the north of the Yellow River headwater region.
It was determined that 24.32% of the NPP time series increased significantly, mainly distributed
in the midlands and north of the Yangtze River headwater region and in the midlands and east of
the Yellow River headwater region.

(3) Thevegetation growth in the Sanjiangyuan National Park was regulated using both water and heat
conditions. The NDVI-annual average temperature correlation was stronger than NDVI-annual
average temperature correlation in the three headwater regions and for all vegetation types.
Increased precipitation and temperature could enhance photosynthesis and respiration for
plant growth. Additionally, average temperature was an influencing factor of the change in
NPP in the area, with a positive correlation with all vegetation types. However, there was
no significant correlation between NPP and annual precipitation among all vegetation types,
but weak positive influences on the NPP were detected in the prairie and meadow based on the
unilateral significance test.

(4) The response of vegetation to climate condition showed great spatial and temporal differences.
The NDVI was profoundly affected by precipitation during the growing season for the study area,
and was also influenced by the average temperature in May for the Yellow River headwater region,
September for the Yangtze River headwater region, and July for the Lancang River headwater
region. The NPP was significantly affected by temperature during the growing season for the
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study area. In addition, the NPP was regulated by the precipitation in July for the Yellow River
and Yangtze River headwater regions.
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