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Abstract: The alpine wetlands in QTP (Qinghai-Tibetan Plateau) have been profoundly impacted along with global climate changes.
We employ satellite datasets and climate data to explore the relationships between alpine wetlands and climate changes based on remote
sensing data. Results show that: 1) the wetland NDVI (Normalized Difference Vegetation Index) and GPP (Gross Primary Production)
were more sensitive to air temperature than to precipitation rate. The wetland ET (evapotranspiration) across alpine wetlands was greatly
correlated with precipitation rate. 2) Alpine wetlands responses to climate changes varied spatially and temporally due to different geographic environments, variety of wetland formation and human disturbances. 3) The vegetation responses of the Zoige wetland was the
most noticeable and related to the temperature, while the GPP and NDVI of the Qiangtang Plateau and Gyaring-Ngoring Lake were
significantly correlated with both temperature and precipitation. 4) ET in the Zoige wetland showed a significantly positive trend, while
ET in Maidika wetland and the Qiangtang plateau showed a negative trend, implying wetland degradation in those two wetland regions.
The complexities of the impacts of climate changes on alpine wetlands indicate the necessity of further study to understand and conserve
alpine wetland ecosystems.
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1

Introduction

The Qinghai-Tibetan Plateau (QTP) is the largest and
highest highland in the world (You et al., 2008; Ijmker
et al., 2012). Its area is about 2.5 million km2 and its
average elevation is more than 4000 m. As the water
tower of Asia, it has essential functions in the monsoon
system (Shen et al., 2015a) and profoundly affects the
ecological security of the downstream water system.
Accounting for approximately 20% of the country’s wetlands, the QTP is one of the most important wetland

distribution regions in China (Zhao et al., 2014). As a
transitional zone between aquatic and terrestrial ecosystem, alpine wetland is rich in aquatic animals and plants
and plays an important role in the biodiversity protection, environmental purification, climate regulation, and
material recycling (Lu et al., 2004). Alpine wetland in
the QTP is vulnerable to low temperatures, strong
evapotranspiration, large direct radiation and special
ecological environments (including glaciers, frozen
soils, deserts, meadows, etc.). These combined factors
make it susceptible to global climate change. In recent
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years, the QTP had been undergoing significant temperature changes (Yang et al., 2014), which have affected local atmospheric circulation and water cycles
(Huang et al., 2017; Li et al., 2017), resulting in changes
in the exchange of substance and energy between the
land surface and the atmosphere (Cui et al., 2015). In
this context, it can help to understand the regional substance and energy exchange patterns by studying the
responses of the alpine wetlands to climate changes and
its functions in hydrology, meteorology, ecological consequences (Shen et al., 2015b) and carbon accumulation.
It will also help to effectively monitor the ecological
security of the plateau wetland (Huang et al., 2014;
Zhang et al., 2016) and to make reasonable protection
policies under the reference of the United Nations
Framework Convention on Climate Change and the
Paris Climate Agreement (Moomaw et al., 2018).
Up to now, some studies have focused on dynamic
monitoring of alpine wetland, carbon and nitrogen cycle, vegetation change, water surface change, etc. (Wang
et al., 2007; Zhang et al., 2011; Wu et al., 2013; Xue et
al., 2014; Yang et al., 2014; Li and Shi, 2015; Kang et
al., 2016; Hu et al., 2017; Mao et al., 2018; Niu and
Gong, 2018). Some studies focus on the response of the
QTP to global climate change (Shen et al., 2015b; Gao
et al., 2016; Wang, 2016; Zhu et al., 2017; Zhang et al.,
2018). In addition, some studies focus on the response
of alpine wetland to climate change. For instance, Liu et
al. (2016) used climate, runoff and snow depth data to
discuss their relationship with the wetland area of the
Yarlung Zangbo River Basin from 1980 to 2010. Yang
and Cui (2005) explored the response relationship between surface water and climate in Bayanbulak alpine
wetland from the 1950s to early 21st century. However,
regarding to alpine wetland located to climate changes,
the current research target is mainly focused on the
Zoige wetland (Gao et al., 2011; Bai et al., 2013; Cui et
al., 2015; Xue et al., 2015), while other alpine wetlands
in the QTP are rarely involved. However, whether the
response of alpine wetlands across the QTP to climate
changes had the same or similar response to climate
change still remains unknown.
In this paper, we take five typical regions across the
QTP, including Mapam Yumco, Qiangtang Plateau,
Maidika wetland, the Gyaring-Ngoring Lake and Zoige
wetland, as representative cases, to study the impacts of
climate changes on the QTP wetlands using a unified

method. The objects of this research are: 1) to explore
the relationship between alpine wetland vegetation and
global climate changes across the QTP using the indices
of NDVI and GPP; 2) to understand the relationship
between the evapotranspiration of alpine wetland and
global climate changes across the QTP using ET as an
indicator; 3) to understand the similarity and difference
of responses of alpine wetland vegetation and
evapotranspiration to climate changes; and 4) to suggest
the driving factors those lead to changes of alpine wetland vegetation and evapotranspiration across the QTP.

2

Materials and Methods

2.1 Study area
As the third pole, the QTP is an eco-sensitive area to climate change and has the largest wetland area in China
(Yuan et al., 2014; Zhang et al., 2017). Therefore, investigating the response of alpine wetland to climate changes
is critical to sustainable ecosystem management and conservation. In this study, a total of five wetland regions
(Mapam Yumco, Qiangtang Plateau, Maidika wetland,
Gyaring-Ngoring Lake and Zoige wetland) in the QTP
were analyzed (Fig. 1). These five wetland regions have
distinct environment and characteristics. The elevation of
the Zoige wetland is about 3600 m, and the other four are
all above 4000 m. The average NDVI of those five wetlands shows downwards trend from east to west, which
Zoige wetland in the east QTP has the biggest NDVI
value and Mapam Yumco in the west QTP has the smallest NDVI value. Mapam Yumco is a representative lake
with freshwater and the wetlands near Mapam Yumco have
dry climate. The Qiangtang Plateau is the highest inner
flow area globally where it contains the largest number of
plateau lakes. It is featured with high surface reflectance
and strong wind. The river network is sparse and seasonal
in Qiangtang Plateau. Therefore, a lack of surface runoff
makes ET of Qiangtang Plateau relatively low.
2.2 Data sources
The vector wetland map was acquired in 2008 and obtained through manual visual interpretation and extensive field verification based on Landsat and CBERS02B CCD (China-Brazil Earth Resource Satellite-02B
Charge Coupled Device) dataset (Niu et al., 2012). It
was resampled to a wetland map with spatial resolution of 1 km to accommodate with MODIS (Moderate-
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Fig. 1 The land use/cover map of the QTP and location of the five studied wetland regions. The black dots in each separate frame represent the collected alpine wetland sample points. The average value of the datum at these points is calculated. A: Zoige wetland; B:
Maidika wetland; C: Gyaring-Ngoring Lake; D: Mapam Yumco; E: Qiangtang Plateau

resolution Imaging Spectroradiometer) data. The
MOD13 NDVI dataset from years 2000 to 2015 was
downloaded from the NASA (National Aeronautics and
Space Administration) Surface Process Data Center
(https://e4ftl01.cr.usgs.gov) with a resolution of 1 km.
The MOD16 evapotranspiration data from 2000 to 2014
(only up to 2014) and the MOD17 photosynthetic productivity data from 2000 to 2015 were obtained from
NTSG (Numerical Terra dynamic Simulation Group)
(http://www.ntsg.umt.edu/project). The wetland indices
NDVI, GPP (g C/m2) and ET (mm) adopted in this paper were obtained by using vector wetland map to overlay NDVI, GPP and ET maps, respectively. Satellite-based NDVI was widely used to monitor the growth
of vegetation. It can reflect the impacts of climate
changes on vegetation in alpine wetlands. GPP is defined as the amount of organic carbon sequestrated

through photosynthesis of species (mainly green plants)
in unit time. It determines how much initial substance
and energy will go into terrestrial ecosystems. In the
QTP, alpine wetlands are the largest carbon pool.
Therefore, by analyzing the change in GPP change, it is
necessary to determine the carbon changes caused by
climate changes. ET, which is based on the Penman-Monteith equation, includes water loss from plant
transpiration and soil evaporation. In this study, ET is
used to reveal the rate of water loss in alpine wetlands
under climate changes.
China Meteorological Forcing Dataset is downloaded
from the Cold and Arid Regions Science Data Center at
Lanzhou, China (http://westdc.westgis.ac.cn/data/),
which is a set of near-surface meteorological and environmental factor reanalysis data developed by Yang Kun
(He and Yang, 2011) and includes precipitation, tem-
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perature, downward long wave radiation, shortwave
radiation, humidity, and atmospheric pressure. It is
based on the internationally available Princeton reanalysis data, Global Land Data Assimilation System
(GLDAS) data, GEWEX-SRB (Global Energy and Water Cycle Experiment-SRB) radiation data, and Tropical
Rainfall Measuring Mission satellite precipitation data
as a background field, and it is made up of conventional
meteorological observation data from the Chinese Meteorological Administration (http://www.cma.gov.cn/). It
has a time resolution of 3 h and a horizontal spatial
resolution of 0.1°. The meteorological indices selected
in this paper include air temperature (℃) and precipitation rate (mm/h).

where rxy is defined as correlation coefficient between
group x and y, xi is the value of wetland indices of the
ith-year growing season, yi is the value of meteorological indices of the ith year growing season, and x and
y are the average value of the x group and the y group,

2.3 Methods
(1) Trend Analysis method
The Trend Analysis uses the least squares principle to
obtain the trend of time series data denoted by the slope
formula (Eq. 1). We use the time series remote sensing
data (NDVI) in this approach to calculate the slope for
analyzing the NDVI change trend. The formula is as
follows (Song and Ma, 2007):

where rxy,z is defined as coefficient between the x group
and the y group under the control factor z.

n   i 1 i  M NDVI ,i   i 1 i  i 1 M NDVI ,i
n
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where n is the number of years studied, i is the serial
number of the year, and MNDVI,I is defined as the annual
average NDVI of the ith-year. The NDVI trend between
16 yr is increasing if slope is positive, and remains unchanged if trending to zero. The rest means that the
NDVI trend is decreasing. The greater the absolute
value of slope, the larger the change in the amplitude of
NDVI, and vice versa.
(2) Correlation analysis method
Correlation analysis is a statistical approach used to
determine the correlation between random variables. It
is always employed to study whether there is some type
of dependent relationship between different indices, and
whether the correlative direction is negative or positive.
The formula for the correlation coefficient can be expressed as follows:

 i 1 ( xi  x )( yi  y )
n
n
 i 1 ( xi  x )2  i 1 ( yi  y )2
n
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respectively.
Partial correlation analysis is used to address and exclude the interference factor between two indices. In this
study, the method is used to determine the relationship
between climate indices and wetland indices. The formula is as follows:
rxy , z 

3

rxy  rxz ryz
(1  rxz 2 )(1  ryz 2 )

(3)

Results

3.1 Changes of climate and vegetation across the
entire QTP
As a whole, the precipitation rate and air temperature in
the QTP show different rising trends with great yearly
variations, while the NDVI had the most noticeable increasing trend (Fig. 2). The spatial-temporal fluctuations
of annual temperature and precipitation rate were significant in years 2006, 2007, 2009 and 2010 (Fig. 3).
Rising temperature mainly occurred in the southeastern
part of the QTP and the inner QTP. Rising precipitation
rate and air temperature in most regions indicate that the
QTP has been becoming warmer and wetter in recent
years.
At the same time, the vegetation of ecosystems in the
QTP tended to have improved overall (Figs. 2c, 4). The
NDVI had showed an increasing trend in the QTP, occupying approximately 85.57% of the area (Fig. 4),
which mainly included grasslands and woodlands in the
eastern part of the QTP. These lower altitude regions
experience more precipitation from the Indian Ocean.
Besides, the rising temperature can provide better conditions for vegetation to grow. By contrast, the vegetation quality in southwestern part of the QTP tended to
deteriorate, especially around Lhasa City, which may be
caused by human activities, such as urban expansion
and agriculture development.
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Fig. 2 The change trend of precipitation rate (a), air temperature (b) and NDVI (Normalized Difference Vegetation Index) (c)

Fig. 3 Spatial distribution of annual anomalies of precipitation rate (mm/h) (a) and air temperature (℃) (b) from 2000 to 2015. The
image pixel value was calculated by the initial value minus the average value of 2000–2015

Fig. 4 The trend of change in NDVI from 2000 to 2015 across
the QTP (Qinghai-Tibetan Plateau). The histogram in the lower
left corner shows the statistics diagram of area in different
NDVI_slope levels, and the column color corresponds to
NDVI_slope levels

3.2 Relationship between alpine wetlands and climate changes
3.2.1 Response of GPP, NDVI and ET to temperature
in wetlands
There are significant correlations between GPP and
NDVIs and air temperatures in the five wetland regions;
all the partial correlation coefficients were greater than
0.5 (P < 0.01; Table 1). The results prove that temperature is one of the most restrictive factors for alpine wetland vegetation. Furthermore, temperature was more
relevant to GPP than to NDVI.
Based on Fig. 5a, in Zoige wetland, the NDVI
showed an increasing trend (slope = 0.004, R2 = 0.353),
and the change amplitude of the GPP was basically in
accord with that of temperature, meaning that the wetland vegetation was increasing along with the concurrent
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Table 1
Index

Partial correlation coefficients between wetland and monthly climate factors (growing season value)
Zoige wetland
Tem

NDVI

0.831

**

Pre

Maidika wetland
Tem

Pre

Gyaring-Ngoring Lake
Tem

0.158

0.824

**

0.019

0.555

**

Pre
0.264

Mapam Yumco
Tem

*

0.751

**

Pre

Qiangtang Plateau
Tem

Pre

0.186

0.677

**

0.341**

GPP

0.927**

–0.195

0.931**

0.033

0.704**

0.406**

0.909**

0.232*

0.751**

0.694**

ET

0.848**

0.330**

0.261*

0.394**

–0.079

0.627**

0.032

0.491**

0.037

0.474**

Notes: ‘Tem’ represents ‘Temperature’, and ‘Pre’ represents ‘Precipitation’. The partial correlation coefficients were calculated with time series data only in growing season. ** P < 0.01 and * P < 0.05. NDVI is Normalized Difference Vegetation Index; GPP is Gross Primary Production; ET is evapotranspiration

Fig. 5 The trend of various indices for five wetland regions from 2000 to 2015. The meteorological indices include air temperature
(℃) and precipitation rate (mm/h). The wetland indices based on remote sensing include NDVI, GPP (g C/m2) and ET (mm). Data used
in this figure are monthly average values of the growing season (May to September); (a): Zoige wetland; (b): Maidika wetland; (c):
Gyaring-Ngoring Lake; (d): Mapam Yumco (e): Qiangtang Plateau
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event of rising temperature. In the Maidika wetland, the
change amplitudes of NDVI and GPP were very small
before 2006, but large oscillations happened frequently
after 2006 due to the extreme temperatures changes
(Fig. 5b). Both the NDVI and GPP in wetland of Gyaring-Ngoring Lake show an increasing trend (Fig. 5c),
meaning vegetation in this region was getting better.
And they are also significantly correlation with temperature (Table 1).
The rising trend of GPP in Mapam Yumco, with a
slope of 0.449, was the most significant among the five
wetland regions, but its NDVI was not (Fig. 5d). The
average value of growing season NDVI was approximately 0.2 in the Mapam Yumco region that is located in
the westernmost position in QTP, meaning that it is covered with least vegetation. In the Qiangtang Plateau,
both NDVI and GPP showed an obvious increasing
trends, which is in accord with the rising temperature.
The relationship between air temperature and ET varied greatly among different alpine wetlands (Table 1).
The ET of the Zoige wetland was the most significantly
correlated with air temperature (r = 0.848, P < 0.01) and
Maidika wetland (r = 0.261, P < 0.05) ranked second.
There was no significant correlation for the other three
wetland regions, which implies that wetland ET in those
regions was probably not sensitive to the change in air
temperature (Table 1).
3.2.2 Response of GPP, NDVI and ET to precipitation in wetlands
The average annual precipitation in most regions showed
an upward trend except for Qiangtang Plateau (Fig. 5e),
with the slope rank order of Mapam Yumco > Gyaring-Ngoring Lake > Maidika wetland and Zoige wetland.
The GPP and NDVI of the Qiangtang Plateau and Gyaring-Ngoring Lake were significantly correlated with precipitation (Table 1). Conversely, there was no significant
correlation in the Zoige wetland and Maidika wetland,
indicating that wetlands in these areas were not subject to
precipitation limitation. However, the effect of extreme
precipitation anomaly on NDVI and GPP was obvious in
the Zoige wetland (Fig. 5a). In the Mapam Yumco wetlands, there was significant correlation between GPP and
precipitation (r = 0.232, P < 0.05), and no significant
correlation between precipitation and NDVI.
According to Table 1, the relationships between wetland ET and precipitation among five wetland regions
were all significantly positively correlated, showing that

precipitation was one of the most important factors
having an impact on wetland ET. However, their dependences on precipitation were totally different (Gyaring-Ngoring Lake > Mapam Yumco > Qiangtang Plateau > Maidika wetland > Zoige wetland).
The trend and fluctuation of ET in Zoige wetland was
consistent with the precipitation rate. However, the ET
trend of Maidika wetland (slope = –0.982, R2 = 0.257)
was opposite to that of the precipitation. The Maidika
wetland is a part of the alpine meadow swamp and the
moisture mainly comes from the melting of snow. The
reduction of surface evapotranspiration may be due to
the water infiltration caused by the melting of seasonal
frozen soil (Shen et al., 2015a). This also can be concluded from soil moisture change (Figs. 6a, 6b). In addition, the ET in the closed basin, that is, the Qiangtang
Plateau, also showed a downward trend (slope = –0.727,
R2 = 0.405). The reason may show similarity with
Maidika wetland (Figs. 6c, 6d). The topsoil showed a
slight increase in soil moisture, but for 10–40 cm, a significant decreasing trend was shown. This phenomenon
may be an indication that whether it is lack of surface
soil moisture and whether it is facing the risk of degradation in the Maidika wetland and Qiangtang Plateau.
This phenomenon was observed in both regions and
needs to be confirmed by more local records and investigation in the future.

4

Discussion

4.1 Different responses in five wetland regions to
climate change
There are many indexes of alpine wetland responses to
climate change. In this paper, we use NDVI, GPP, and ET
as indicators to explore the response of alpine wetland to
climate changes based on remote sensing data. The wetland NDVI in five wetland regions is affected by climate
change to different degrees. However, the NDVI increasing trend of the Zoige wetland and Gyaring-Ngoring
Lake are more significant (Figs. 5a, 5c) than that of the
other three regions. Zoige wetland is located in the eastern part of the QTP, which is characterized by high-level
fractional vegetation cover, moist air, and abundant organic content in the soil. Therefore, it responded to rising
temperatures more dramatically than other wetlands that
had dessert or sparse vegetation covers, such as the
Qiangtang Plateau and Mapam Yumco wetlands.
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Fig. 6 Soil moisture change of Maidika wetland at the depth ranges of 0–10 cm (a) and 10–40 cm (b), and Qiangtang Plateau at the
depth ranges of 0–10 cm (c) and 10–40 cm (d), computed by GLDAS NOAH025 product from NASA

In the Zoige wetland, the NDVI, GPP, and ET were
all strongly correlated with air temperature whereas the
ET was only correlated with precipitation. Zoige wetland has a continental monsoon climate with an average
temperature of 9℃–10℃ during the growing season.
The rising temperature and precipitation rate have been
becoming favorable for the growth of vegetation (Fig.
5a). The NDVI shows a rising trend with increase of
elevation, with an increasing rate of 0.0007/yr during
3500–4500 m (An et al., 2018). By contrast, the NDVI
increasing rate of Zoige wetland in our research was
greater than 0.004, which was also greater than the average level of all QTP vegetation. This means that the
velocity of greenness in alpine wetlands was faster than
that of grass ecosystems. In general, the GPP of Zoige
wetland was approximately 110 g C/m2, while the others
were below 30 g C/m2, showing that the carbon fixation
capacity of the Zoige wetland was the strongest. The
large fluctuations of GPP in the Zoige wetland, which
may be caused by extreme climate events (e.g., for the
precipitation in 2008, 2010 and 2013 (Fig. 5a)), leaded
to an upward trend in volatility. In addition, the ET in
the Zoige wetland was significantly correlated with temperature due to the abundant water sources.
Mapam Yumco has a dry and cold climate that is not
conducive to vegetation growth, leading to low values
of NDVI and GPP. In recent years, the GPP in Mapam

Yumco shows the most obvious increasing trend among
the five regions, and it was found to be significantly
related to temperature. By contrast, the GPP has a low
correlation with precipitation, which proves that temperature was the key factor influencing wetland vegetation in this region. The wetland ET was more related to
precipitation than temperature, which could be related to
low wetland biomass and vegetation coverage in this
region. Rising temperature is more favorable for wetland vegetation than that of ET. The extremely low
value of precipitation in 2009 may have caused the low
NDVI and GPP values with one year lag (Fig. 5d),
which also possibly means that Mapam Yumco wetland
water resource is dependent on precipitation. The close
correlation between wetland ET and precipitation (Table
1) also confirms the above fact.
In the Maidika wetland, there was no significant correlation between NDVI and GPP and rainfall, indicating
that the wetland vegetation was not restricted by rainfall. At the same time, the wetland change in the ET
trend (slope = –0.982, R2 = 0.257) was opposite to that
of the precipitation, while the partial correlation between ET and temperature is relatively small. This phenomenon could result from the fact that wetland water
resources mainly come from melting snow and ice or
frozen soil in this region (Yu, 2016). Rising temperature
mainly contribute to more melting snow/ice or frozen
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soil, rather than increasing ET. The decrease in ET may
be induced by water infiltration that was caused by
thawing of deep frozen soil (Shen et al., 2015a). Soil
moisture in the depth range of 10–40 cm decreased significantly (Fig. 6b), which could imply the risk of wetland degradation in the Maidika wetland. The amplitude
of NDVI and GPP of Maidika wetland was very small
before 2006, but due to extreme temperature changes,
large oscillations frequently occurred after 2006 (Fig.
5b). The Maidika wetland is a part of alpine meadow
swamp. Its moisture mainly comes from the melting of
snow and ice (Yu, 2016).
The Gyaring Lake and Ngoring Lake are the two
largest freshwater lakes located at the source of the Yellow River in Madoi County. The NDVI in this region
shows an increasing trend, and it is significantly related
to rising temperature and precipitation, indicating that
the wetland vegetation in this region was much improved. Subalpine meadows are distributed in shores of
both lakes and are also important pastoral areas, where
the human activities were frequent. While the wetland
ET showed a large anomaly from 2006 to 2008, there
were no obvious changes in the natural environment
based on the analysis of precipitation, temperature from
climate dataset, and soil moisture from GLDAS products. It could result from the frequent human activities
(Zhang et al., 2010). For example, a hydropower station
was constructed in July 2002, which undoubtedly had
impacted on local water circulation.
The wetland in Qiangtang Plateau is located in Xainza
County and Baingoin County in the inner QTP. The wetlands are surrounded by many saltwater lakes, including
Siling Co, Nam Co, and Geren Co. NDVI and GPP show
a rising trend and are significantly correlated with temperature and precipitation. With the increase of temperature, and sparse meadow vegetation was improved. The
average annual precipitation rate here varied greatly and
was unstable. The ET showed a declining trend, which is
somewhat similar to the situation of Maidika wetland and
Qiangtang Plateau, where there was a loss of soil moisture in the middle soil layer (Figs. 6b, 6d). This may be
related to wetland degradation in this region.
4.2 Specific analysis of wetland responses to climate change in 2008 and 2010
The changes of precipitation and temperature showed
extremum in the years 2008 and 2010 in those five wet-

land regions (Figs. 3, 5). Therefore, we conducted specific analysis of those two years as a case study. The
precipitation in the alpine wetlands showed a sharply
upward trend after April, reached its maximum value
from July to August, and decreased after August (Figs.
7A1–7E1). Similarly, the temperature rose from January
and peaked in August, and then decreased to December.
However, most of the remote sensing indices of alpine
wetlands (except for ET) increased since May, indicating the lag response of wetland vegetation to precipitation and temperature. The differences in ET changes
among four samples (except for samples inside Qiangtang Plateau) were larger than that of the NDVI and
GPP. A significant phenomenon was observed that the
ET of the four regions was slightly high in March and
decreased in April (namely the evapotranspiration was
relatively strong in March and relatively weak in April).
It could be that wind speeds in the QTP reached their
maximum from February to March (Fig. 8a), accelerating water loss (Yao and Li., 2016).
The Zoige wetland had small precipitation in 2008,
when the precipitation rate was less than yearly average
value from March to September (except for June) with
the lowest precipitation in July. Nevertheless, the temperature in 2008 was similar with its yearly average
value from April to September. During the same period,
the NDVI and ET of the Zoige wetland in 2008 were
less than their yearly average values, incontrast to the
small changes between GPP in 2008 and its yearly average value. In 2010, the precipitation was significantly
higher than the early average value from May to September and the temperature was slightly higher. During
this period, the NDVI and GPP took on a slight lag
based on the temperature anomaly from May to September. Compared with the moderate change of NDVI
and GPP, the precipitation showed great anomalies in
2008 and 2010, which largely influenced ET change. In
general, the NDVI and GPP of the Zoige wetland were
sensitive to temperature change and showed lag effects,
and the ET can response to precipitation in real time.
The similar responses of wetland NDVI and GPP in
2008 (both below average value) and 2010 (both above
average value) were observed in the Maidika wetland
and Gyaring-Ngoring Lake (Figs. 7B3, 7C3, 7B4, 7C4).
The differences in temperature and elevation between
the two regions were small, but the differences in precipitation were relatively large, indicating that precipita-
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tion had less influence on the vegetation growth of the
wetland in the two regions. According to Table 1, ET in
all wetlands was significantly correlated with precipitation. In Gyaring-Ngoring Lake, the peak and trough of
the ET curve included June of 2010, and July–September of 2008, which was in line with the curve of the
precipitation rate. It was proven to be correct in Fig. 5c.
However, the Maidika wetland showed that the opposite
phenomenon probably due to the soil moisture changes
(Figs. 6a, 6b). The detailed causes need to be investigated in the future.
The NDVI and GPP of Qiangtang Plateau in 2008
and 2010 showed little differences from its yearly average value, comparing to the large differences of ET and
precipitation from its yearly average value during the
same period. The results indicate that wetland vegeta-

tion in this region was not subject to moisture restriction
under the premise of small temperature change, while
evapotranspiration was greatly affected by precipitation.
During the growing season, the ET varied with precipitation rate in 2008 (both higher than yearly average
value) and 2010 (both lower than yearly average value)
almost synchronously. But outside of the growing season, ET was clearly different from the others, showing a
high level ET in winter and spring. The wind speed in
the Qiangtang Plateau was larger than that in the surrounding area (Fig. 8b) in winter and spring, which may
be the reason why the evapotranspiration of Qiangtang
Plateau was different from other wetlands. The high
level ET (Fig. 7E5) in spring and winter was probably
related to high speed wind (Fig. 8a), while in the growing season, it was subject to precipitation.

Fig. 7 Comparison of the monthly response of climate (A1–E1, A2–E2) and wetland factors (A3–E3, A4–E4, A5–E5) in 2008 and 2010.
The average value is the average data from 2000 to 2015 in each month. (A1–A5: Zoige wetland; B1-B5: Maidika wetland; C1–C5: Gyaring-Ngoring Lake; D1–D5: Mapam Yumco; E1–E5: Qiangtang Plateau). The meteorological indices selected in this study include air temperature (℃) and precipitation rate (mm/h). The wetland indices based on remote sensing include NDVI, GPP (g C/m2) and ET (mm)
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Fig. 8 Comparison of wind speed in different months (a) and regions (b). Data were obtained from the same climate dataset along with
precipitation rate and air temperature

5

Conclusions

Compared to previous studies, which mostly focused on
the response of grassland to climate changes, we focus
on the responses of alpine wetlands to climate changes.
Studies show that the responses of alpine wetland vegetation to climate change are consistent with the other
grasslands across the QTP, which has mainly been becoming green. Moreover, the greening trend of alpine
wetlands is much obvious than the grasslands of the entire QTP.
There are significant correlations between GPP/
NDVIs and air temperatures in the five wetland regions,
indicating that temperature is one of the most important
restrictive factors for alpine wetland vegetation. Furthermore, GPP is more relevant to temperature than
NDVI. The relationships between wetland ET and precipitation among five wetland regions are all significantly correlated, showing that rainfall is one of the
most important factors having impacts on wetland ET.
Alpine wetland responses varied spatially and temporally among those five wetland regions. For example,
Wetland ET in the Zoige wetland shows a significant
positive trend, while wetland ET in Maidika wetland
and Qiangtang plateau shows a negative trend due to the
change of soil moisture. On the one hand, the temperature and precipitation have different impacts on wetlands. The NDVI and GPP of the Zoige wetland,
Maidika wetland, and Mapam Yumco are significantly
correlated with temperature, while the GPP and NDVI
of Qiangtang Plateau and Gyaring-Ngoring Lake are
significantly correlated with both temperature and precipitation. The ET of the Zoige wetland and the Maidika

wetland are affected by both temperature and precipitation, while the ET of the other three wetland regions is
affected by precipitation only. On the other hand, there
are a variety of factors affect wetlands across the QTP.
Such as in Maidika wetland and Qiangtang plateau, the
wetland ET is also correlated with soil moisture. The
complexities of the responses of alpine wetlands to climate changes indicate the necessity of further studies to
understand and conserve the alpine wetland ecosystems.
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