www.nature.com/scientificreports

scientific reports

W) Check for updates

Response of altitudinal vegetation
belts of the Tianshan Mountains

in northwestern China to climate
change during 1989-2015

Yong Zhang, Lu-yu Liu, Yi Liu, Man Zhang & Cheng-bang An™*

Within the mountain altitudinal vegetation belts, the shift of forest tree lines and subalpine steppe
belts to high altitudes constitutes an obvious response to global climate change. However, whether
or not similar changes occur in steppe belts (low altitude) and nival belts in different areas within
mountain systems remain undetermined. It is also unknown if these, responses to climate change
are consistent. Here, using Landsat remote sensing images from 1989 to 2015, we obtained the
spatial distribution of altitudinal vegetation belts in different periods of the Tianshan Mountains in
Northwestern China. We suggest that the responses from different altitudinal vegetation belts to
global climate change are different. The changes in the vegetation belts at low altitudes are spatially
different. In high-altitude regions (higher than the forest belts), however, the trend of different
altitudinal belts is consistent. Specifically, we focused on analyses of the impact of changes in
temperature and precipitation on the nival belts, desert steppe belts, and montane steppe belts. The
results demonstrated that the temperature in the study area exhibited an increasing trend, and is
the main factor of altitudinal vegetation belts change in the Tianshan Mountains. In the context of a
significant increase in temperature, the upper limit of the montane steppe in the eastern and central
parts will shift to lower altitudes, which may limit the development of local animal husbandry. The
montane steppe in the west, however, exhibits the opposite trend, which may augment the carrying
capacity of pastures and promote the development of local animal husbandry. The lower limit of the
nival belt will further increase in all studied areas, which may lead to an increase in surface runoff in
the central and western regions.

Dynamic changes of altitudinal vegetation belts are often the consequence of climate change. As a special geo-
morphological unit, mountainous areas, due to their range of altitude and the influence of varied slopes and
aspects, lead to diverse distributions of certain environmental factors in the vertical direction, which feature
different characteristics and life forms'. For example, in the northwestern mountainous region of China, where
the baseband is desert, as the altitude increases, the vegetation types gradually transition to montane steppe,
coniferous forest and alpine meadow. Moreover, the temperature continues to decrease as the altitude increases,
and precipitation increases at lower altitude and then decreasing at higher alttiudes® The soil is also of distinct
types and structures at different altitudes, slopes, and aspects. These factors change regularly in the vertical
direction to form altitudinal vegetation belts of soil, climate, and vegetation®. In general, vegetation affects
the organic matter content of the soil and the process of soil formation, and its response to climate change is
relatively strong. Overall, its coverage and richness constitute important indicators for evaluating the ecological
environment of mountainous areas.

The impact of climate change on alpine ecosystems has become a topic of focus in global change research**.
Climate warming has led to an increase in global average surface temperature, sea-level rise, accelerated melting
of glaciers in polar and high mountain areas, and frequent occurrence of extreme climate events®’. Pertinent
research has shown that the alpine ecosystem is relatively more sensitive to climate change, and alpine vegeta-
tion belts are highly dependent on temperature®. Therefore, temperature change exerts a significant effect on the
dynamics of alpine vegetation belts. In addition, altitude is the main factor affecting the biodiversity and distri-
bution of alpine ecosystems, and species richness decreases with increasing altitude®. Under the background of
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global warming, however, a tendency exists for low-altitude species to migrate to high altitudes in altitudinal belts
of mountains'®*2 These species primarily come from subalpine steppe or forest belts, resulting in an increase in
the upper limit of the distribution of steppe belts and tree lines'*!“. This trend of species migration has led to the
emergence of low-altitude species adapted to the warm environment in alpine vegetation belts and the increase of
species richness in high altitude areas'>. Moreover, due to the ability of alpine plants or cushion-like vegetation to
improve the living environment, the upward migration of species in low mountain belts has increased further'.

In the context of warming and humidification in northwest China'’, determining how the Tianshan Mountain
ecosystem responds could constitute a worthy topic. Extant literature has proven that the arid and semi-arid
climate in northwestern China exhibits a clear trend of both warming and humidification'®. The rise in surface
temperature increases the instability of air convection, and produces increased evaporation and atmospheric
water vapor, which may bring more precipitation to some areas'. As a huge east-west mountain series in the
arid region of Central Asia, the Tianshan Mountains respond strongly to climate change. Many scholars have
performed in-depth research on water resource issues resultant from climate change in Tianshan Mountains
or Xinjiang province, China?*-?2. However, precisely how the altitudinal vegetation belts, as the most important
environmental basis of the region, responds to regional and global climate change remains undefined. There
is also a paucity of research focusing on whether consistent patterns exist in the response of different vegeta-
tion belts, or how changes in altitudinal vegetation belts affect human production activities. The current article
attempts to fill in these gaps in the existing literature. We first utilized meteorological data to show the spatial
differentiation of temperature and precipitation changes in the Tianshan Mountains from 1989 to 2015. Sub-
sequently, the dynamics of the altitudinal vegetation belts were analyzed using remote sensing images. Finally,
we closely examined the response of altitudinal vegetation belts dynamics to climate change and its impact on
human activities. Based on the research results, we mainly discussed the impact of the dynamics of the altitudinal
vegetation belts on agriculture and animal husbandry.

Methods

Study area. The Tianshan Mountains, northwest China, one of the seven major mountain systems in the
world, is located in central Xinjiang, China. Tianshan Mountains is the largest mountain range in the world that
islocated in a temperate arid zone. It spans 1700 km from east to west, with an average elevation of approximately
2300 m. Its southern and northern parts comprise vast deserts. Because the area around Tianshan Mountains is
located in the heartland of Eurasia, it is far from the ocean and forms a temperate continental climate. However,
westerly winds from the Atlantic entered the Tianshan Mountains through the Caspian Sea and Central Asia,
and brought abundant water vapor, which caused the Tianshan Mountains to have a unique humid climate, and
thus is called the “Central Asia Wet Island”?*. Precipitation in the Tianshan Mountains decreases from west to
east. The average annual precipitation on the northern slope reaches 500 mm, and precipitation in the western
forest zone can even reach 1100 mm. The most annual precipitation mainly occurs from May to June. Tianshan
Mountains has rich and diverse natural landscapes, such as glaciers, permanent snow cover, virgin forests, grass-
lands and deserts, and thus forms the most complete mountain altitudinal vegetation belts in a temperate arid
region in the world. In the eastern and central regions, as the altitude increases, it turns into a desert steppe belt,
montane steppe belt, coniferous forest belt, alpine meadow belt, alpine cushion vegetation belt, and nival belt. In
the western region, with the increase of altitude, it transitions into a montane steppe belt, coniferous forest belt,
alpine meadow belt, alpine cushion vegetation belt, and nival belt (Fig. 1b) (part 1 in Supplementary Informa-
tion). We selected Yiwu county in the east, Hutubi county in the middle and Zhaosu county in the west of the
Tianshan Mountains as the study areas. We specifically aimed to extract the altitudinal vegetation belts of these
areas, and elucidate the dynamics of altitudinal vegetation belts of the Tianshan Mountains (Fig. 1a).

Dataset and data processing. In recent years, with the increasing frequency of satellite launches and
rapid advancements in satellite imaging technology, the archiving of satellite data has greatly increased, which
has promoted the application and development of satellite imaging in various fields**-?%. Because remote sens-
ing images have a high temporal resolution, spatial resolution and spectral resolution, they are widely utilized
in monitoring vegetation and land cover changes. Therefore, we combined remote sensing images and decision
tree classification methods to obtain the spatial distribution of the altitudinal vegetation belts of the Tianshan
Mountains at different times (part 2 in Supplementary Information).

The remote sensing satellite data used in the study are Landsat 5/8 satellite data with a time period of
1989-2015. In the Tianshan Mountains, August to September constitutes the most prolific period of vegetation
growth, and the annual biomass of different vegetation types reaches its maximum value during this time. As
a consequence, we selected remote sensing images of these periods for the extraction of altitudinal vegetation
belts. Between July and August, seasonal snow has completely melted, and only permanent snow and glaciers
remain. Because permanent snow cover is relatively more sensitive to climate change, we chose remote sensing
images from July to August to extract the nival belt. To obtain high quality remote sensing images, it is neces-
sary to perform radiation correction, atmospheric correction, geometric correction, and clipping of the study
area on these remote sensing images. Finally, the pre-processed remote sensing images were used to extract the
altitudinal vegetation belts.

Digital elevation model (DEM) is used for the grid representation of terrain, and each pixel value represents
the height from the datum. The extraction of altitudinal vegetation belts requires highly accurate DEM data. At
present, international mainstream digital elevation models (DEMs) are mainly SRTM-DEM?%, ASTER GDEM?,
and AW3D30 DSM*>%. For this study, we chose to use AW3D30 DSM because it achieves both higher spatial
resolution (30 m) and higher accuracy than other DEMs.
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Figure 1. Location of the study area and the composition of the altitudinal vegetation belts. (a) The areas
enclosed by the red rectangles are our study area. The rectangle on the left is Zhaosu county; the middle is
Hutubi county; and the right is Yiwu county. (b) The altitudinal vegetation belts in Tianshan Mountains; (I), (II),
and (III) indicate Yiwu county, Hutubi county, and Zhaosu county, respectively.

The meteorological data that we obtained included monthly average temperature and monthly precipita-
tion, and the time range was from 1989 to 2015. These data were downloaded from the China Meteorological
Administration (http://data.cma.cn/).

Results

Spatiotemporal differentiation of temperature and precipitation in the Tianshan Moun-
tains. Figure 2 shows the spatial variation trend of annual precipitation and the annual average temperature
in the Tianshan Mountains. The precipitation in the northern and western parts of the Tianshan Mountains
showed an increasing trend, while precipitation in the southern and eastern parts showed a slight decreasing
trend (Fig. 2a). Figure 2b presents the spatial variation trend of annual average temperature in the Tianshan
Mountains. From the figure, one can discern that the temperature in most parts of the Tianshan Mountains is
increasing, but the increase is spatially dissimilar. Especially in the eastern region, the increase was most signifi-
cant. Moreover, the temperature in the eastern and western regions increased the most, while the central and
southern regions exhibited the smallest increase in temperature. In general, the climate in the west and the north
parts of the Tianshan Mountains showed a trend of “warm and humid”, but the climate in the south and the east
showed a trend of “warm and dry”' reported the following: the whole Tianshan Mountains present a warm and
humid trend (1960-2016); the annual average temperature increase rate in the north slope is greater than that in
the south slope; and annual precipitation has increased significantly in the north and west, but not in other areas.
The spatial variation of temperature found in’' is in accordance with our research results. However, the changes
in precipitation in the southern and eastern parts of the Tianshan Mountains differ from our results, which may
be attributable to the different time frames of our respective investigations.

The temperature and precipitation trends in the study area are inconsistent (Fig. 2¢). Precipitation in the
eastern part (Yiwu county) exhibits a slightly decreasing trend, while precipitation in the central part (Hutubi
county) and the western part (Zhaosu county) is increasing. Moreover, although the annual precipitation rates
of increase in Hutubi county and Zhaosu county were 14.6 mm/10a (“10a” means per decade) and 17.4 mm/10a,
respectively, they did not reach the significance level of 0.05. In addition, the average annual temperature in
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Figure 2. Spatial variation of temperature and precipitation [(a) indicated spatial variation of precipitation

in Tianshan Mountains and surrounding areas; and (b) indicated spatial variation of temperature in Tianshan
Mountains and surrounding areas]. (c) Indicated the changing trend of temperature and precipitation in the
study area during 1989-2015. The Mann Kendall (MK) trend test was used to identify the climate change (i.e.,
temperature and precipitation) trend of the Tianshan Mountains during 1981-2015.

the study area is rising. Specifically, the average annual temperature increase rate of Hutubi county and Zhaosu
county were 0.6 °C/10a and 0.4 °C/10a, respectively, and reached a significance level of 0.01. Although the tem-
perature increase rate in Yiwu county was 0.2 °C/10a, it was found to be insignificant.

Changes of altitudinal vegetation belts in the study area. The upper limit of the montane steppe in
Yiwu county (east) shift to lower altitudes was found to be the most significant. The altitudinal vegetation belts
of Yiwu county also exhibited different trends (Fig. 3a). Although the upper limit of the desert steppe belt fluctu-
ated greatly, the changing trend was non-obvious (i.e., a slight upward trend). The upper limits of the montane
steppe, coniferous forests, and alpine meadows showed the same downward trend, and the downward trend of
the montane steppe was determined to be comparably more significant. Furthermore, the lower limit of the nival
belt exhibited a slight upward trend, and the upper limit of the cushion vegetation belt also showed an upward
trend.

The lower limit of the nival belt in Hutubi county (central) had the most obvious upward trend. Figure 3b
shows that the upper limits of the desert steppe, montane steppe, and alpine meadow show the same downward
trend, and the downward trend of the montane steppe is more obvious. The nival belt, however, exhibits the
opposite trend. By comparing the altitudinal vegetation belts at different altitudes, we find that the lower limit of
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Figure 3. Changes of altitudinal vegetation belts in the study area from 1989-2015. All Y-axis represent
anomalies values. Because the upper limit of the cushion vegetation is the lower limit of the nival belt, we only
show the trend of the lower limit of the nival belt.

the nival belt not only has a large inter-annual fluctuation, but also a more significant upward trend, which also
demonstrates that the upper limit of cushion vegetation exhibits an obvious upward trend.

The upper limit of the montane steppe in Zhaosu county (western) had a clear upward trend. Warm and
humid west winds from the Atlantic Ocean entered Yili Valley and brought abundant precipitation with the result
that the montane steppe became the “baseband” of the altitudinal vegetation belts in the west of the Tianshan
Mountains. Figure 3¢ reveals that the upper limit of the montane steppe features a significant upward trend, but
the interannual fluctuation is small. In addition, the upper limits of coniferous forests and alpine meadows exhibit
the same downward trend, and the trend of the coniferous forest belt is more obvious. Although the lower limit
of the nival belt shows a small increase, the interannual fluctuation is obvious, which also demonstrates that the
upper limit of the cushion vegetation belt exhibits an upward trend.

Through the above analysis, we found that the desert steppe belt has an opposite trend (expansion towards
opposite altitudes) in the two sub-regions, and the trend is not significant. The montane steppe shows the same
change trend in the east and middle, while the opposite change trend occurs in the west. Moreover, the changing
trend of the montane steppe in all of the study areas is significant. Coniferous forests exhibit the same chang-
ing trend in the east and west, and the opposite trend in the middle. The upper limit of the alpine meadow belt
features the same downward trend, but the changing trend is not obvious in all study areas. Furthermore, the
lower limit of the nival belt shows the same upward trend in all study areas, and the changing trend in Hutubi
County is more significant, which also demonstrates that the cushion vegetation belt exhibits the same change
trend. Overall, the changing trend of the altitudinal vegetation belts in the low-altitude area of the Tianshan
Mountains is different, but the changing trend of the altitudinal vegetation belts in the high-altitude area (above
3000 m) is the same.

Response of different altitudinal vegetation belts to temperature and precipitation
changes. Inthe monitoring time range, by comparing the altitudinal vegetation belts and the changing trend
of precipitation, we found that only the change trend of the upper limit of the desert steppe belt in Yiwu county
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Figure 4. Temporal variation of precipitation. To better compare the variation trend of altitudinal vegetation
belt, temperature and precipitation, we normalized the data of temperature, precipitation, and altitudinal belt
spectrum. The normalized range of all data is [-1, 1].

had an obvious relationship with annual precipitation change. In addition, precipitation in the three study areas
did not exhibit a significant increasing or decreasing trend (Fig. 2¢). These findings demonstrated that precipita-
tion is not the main factor of altitudinal vegetation belts change.

Figure 4 illustrates that the change of desert steppe and annual precipitation in Yiwu county has an opposite
trend. The results indicate that, with the decrease of precipitation, the distribution of desert steppe may further
expand. However, since there is no obvious decrease in precipitation, the distribution range of desert steppe will
not expand significantly. This assertion is also supported by the fact that there is no obvious upward trend in the
upper limit of the desert steppe (Fig. 3a).

The steppe belts in different study areas exhibit different responses to temperature changes. Figure 5 shows
that the changing trend of the montane steppe in the east (Yiwu county), and the desert steppe and montane
steppe in the middle (Hutubi county), is opposite to the changing trend of annual average temperature. However,
the changing trend of montane steppe and temperature in the west (Zhaosu county) is consistent. The results
show that, with the increase of temperature, the upper limit of montane steppe in Yiwu county will be further
reduced. Moreover, the desert steppe and montane steppe in Hutubi county also have the same trend. The
upper limit of the montane steppe in Zhaosu county, however, will be further increased. Under the background
of generally rising temperatures, the distribution range of montane steppe in Yiwu county, and desert steppe
and montane steppe in Hutubi county, will decrease further, but the distribution range of montane steppe in
Zhaosu county will continue to expand. In general, the montane steppe belt exhibits a clear response to changes
in temperature, and temperature is the main factor of the change in the steppe belt.

The lower limit of the nival belt shows obvious responses to temperature changes in different study areas.
Figure 5 illustrates that the lower limit of the nival belt and the temperature change trend are consistent in the
three study areas. As the temperature increases, the lower limit of the nival belt will further increase, and the
distribution range will narrow. These results indicate that temperature is the primary factor for the change of
the nival belt. Furthermore, because the temperature rise rate is the largest in Hutubi county (Fig. 2c), the rising
trend of the lower limit of the nival belt is more significant, which causes the range of the nival belt to more rap-
idly decrease. However, we found that the rate of temperature increase in Yiwu county was insignificant, which
led to the shrinking of the nival belt being non-obvious. The changing trend of the nival belts in different study
areas (Fig. 3) supports these conclusions.

The above analysis demonstrates that the altitudinal vegetation belts of the three study areas all exhibit a
strong response to changes in temperature. Indeed, this study found that temperature constituted the main
factor of altitudinal vegetation belts dynamics. The results also indicated that the montane steppe belt is more
significantly affected by temperature than the nival belt. The general increase in temperature (Fig. 2¢) will also
lead to further shrinkage of snow coverage. However, due to the spatial difference in temperature in the nival
belt, a different amplitude of increase was observed.

Discussion

In the context of the coexistence of warm-wet and warm-dry climates in the Tianshan Mountains, we focused
on which altitudinal vegetation belts dynamics exert an impact on human activities and how they respond to
climate. Since snowmelt water is a critical water source for oases, low-altitude steppe belts are important loca-
tions for local herdsmen to develop animal husbandry. Consequently, we discussed the effects of these altitudinal
vegetation belts on agriculture and animal husbandry.
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Figure 5. Temporal variation of temperature. [(a) Yiwu county; (b) Hutu bi county; and (c) Zhaosu county].

Influence of the change of altitudinal vegetation belts on agriculture and animal hus-
bandry. The shrinking of the montane steppe in the eastern and central regions, as well as the expansion
of the montane steppe in the western regions, have a potential impact on the development of local animal hus-
bandry. In the montane steppe belt, high-cover vegetation needs to consume more water; whereas, in the desert
steppe, sparse vegetation has a greater ability to resist drought. Therefore, the montane steppe is more sensitive to
changes in moisture. The reason why the eastern mountain steppe belt shifts to low elevation is that less precipi-
tation (104 mm/a) and rising temperatures promote more soil moisture to enter the atmosphere through evapo-
transpiration, which aggravates drought in low elevation regions. In the central region, the rate of temperature
increase is the fastest (0.6 °C/10a), which enhances the instability of air convection, and results in a significant
increase in local evapotranspiration®. These factors will lead to more severe droughts in low-elevation areas
and exceed the tolerance of desert vegetation. Therefore, the montane steppe and desert steppe in the central
region shrink toward low altitudes. The western region is located in the Yili Valley area with high precipitation
(511 mm/a). In this region, the apparent increase in temperature leads to more water vapor entering the atmos-
phere, combined with the trumpet-shaped terrain and higher elevation (2027 m), which makes it easier to form
precipitation. These conditions benefit the expansion of montane steppe.

The Tianshan Mountains have rich grassland resources due to its unique climatic conditions. Residents use
this natural advantage to develop animal husbandry, and it has become one of their main agricultural produc-
tion methods. In the Tianshan Mountains, a montane steppe is an important location for local herdsmen to
graze. Changes in the montane steppe belt can greatly affect the scale of animal husbandry and the income of
herdsmen. The degradation of the montane steppe in the east and central areas may impede the development of
animal husbandry. The expansion of mountain grasslands in the west, however, will lead to improvement of the
carrying capacity of grassland, which is conducive to better development of local animal husbandry.

In the Tianshan Mountains, glaciers-snow-melt water in high-altitude areas and precipitation in middle-
altitude forest belts are the main sources of river supply, and the amount of river runoff has a major impact on
agricultural production in oases®. Therefore, we suggest that the further narrowing of the distribution range
of nival belts in different research areas of the Tianshan Mountains has a potential effect on downstream oasis
agriculture. Indeed, the significant rising trend of temperature in the Tianshan Mountains has accelerated the
rate of melting snow, causing the nival belts to shrink towards high altitudes. Furthermore, the reduction in
snow cover reduces surface reflectance and leads to further reduction in snow cover. In particular, the signifi-
cant increase of temperature in the middle of the Tianshan Mountains (Fig. 2¢) causes the nival belt to shrink
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more rapidly towards higher elevation than other areas. The central and western regions also have higher snow
cover*, combined with an increase in precipitation in the western region, which will benefit the development of
oasis agriculture in the short-term. Although the melting rate of snow in the eastern region is high, the smaller
glaciers, and snow cover area and precipitation (104 mm/a), will not cause a significant increase in runoff, and
agricultural development in downstream oases may consequently be limited.

Conclusions

Based on the meteorological data and remote sensing images, we analyzed the dynamic changes of vegetation
altitudinal vegetation belts from three sub-regions of the Tianshan Mountains in Northwest China. The follow-
ing main results were obtained.

The changes in the vegetation belts at low altitudes are spatially different. In high-altitude regions (higher than
the forest belts), however, the trend of different altitudinal belts is consistent. The average annual temperature
becomes the main factor for the change of the steppe belt and the nival belt.

The increase in temperature has caused the shrinkage of the steppe belt in Yiwu county and Hutubi county,
which is not conducive to the development of animal husbandry in these areas. However, the expansion of the
montane steppe in Zhaosu county will augment the livestock capacity of the pasture, which may produce favora-
ble conditions for the development of local animal husbandry. The shrinkage of the nival belts in Hutubi county
and Zhaosu county has also led to an increase in surface runoff, which is conducive to the development of down-
stream oasis agriculture in the short-term. However, there is less snow cover and precipitation in Yiwu county,
resulting in water still constituting a limiting condition for agricultural development in downstream oases.
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