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Abstract

:

The vertical distribution of vegetation in Heihe River Basin has presented a significant dynamic change in the different elevation zones since the 1980s. To explore the dynamic patterns of vegetation types located in the different elevation zones of Heihe River Basin, this study collected 440 field sampling datapoints of vegetation types, remote sensing images, climatic observation data, and DEM and preprocessed them. On the basis of the vegetation distribution and the terrain characteristics of Heihe River Basin, this study classified the vertical distribution of vegetation in Heihe River Basin into six vegetation zones, namely, the oasis farmland and desert zone, desert-steppe zone, dry scrub-steppe zone, mountain forest-steppe zone, subalpine scrub-meadow zone, and alpine cold desert-meadow zone. Moreover, the mean annual biotemperature (MAB) and total annual average precipitation (TAP) were used to analyze the relationship between vegetation change and climate change in the different elevation zones. The results show that the change rate of vegetation was up to 25.75% in Heihe River Basin. The area of vegetation that changed in the oasis farmland and desert zone was the largest (7224 km2), and the rate of vegetation that changed in the mountain forest-steppe zone was up to 56.93%. The mean annual biotemperature (MAB) and total annual average precipitation (TAP) in the six elevation zones showed an increasing trend, in which the increased rate of TAP presented a downward trend with the increase of elevation, and that of MAB showed a continuous upward trend with the increase of elevation. The change rate of vegetation was generally higher than that of MAB and TAP in the low and middle vegetation zones. The influence intensity of human activities on vegetation change in the lower and middle elevation zones of Heihe River Basin was greater than that in the high elevation zone between the 1980s and the 2010s. MAB is the major impact factor to vegetation change in the alpine cold zone of Heihe River Basin.
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1. Introduction


The plant community is the product of the interaction between plants and their ambient environment, which is manifested in the adaptability and feedback of vegetation to changes in environmental elements [1,2,3]. The spatial distribution of vegetation is affected by various environmental factors, such as temperature, precipitation, soil, humidity, and topography. The spatiotemporal pattern of vegetation distribution tends to undergo a series of spatial movements driven by climate change, indicators for studying the quantitative impact of climate change, and response of vegetation due to climate change [4,5,6]. At present, a large number of studies [7,8] have been efforts to establish the relationship between vegetation and climate by considering biophysical variables such as sunshine duration, ppt, slope, and Kira’s warmth index. However, these studies mainly focus on analyzing the change of vegetation coverage index (e.g., NDVI) [9], or discussing the response of vegetation change to climate from a horizontal perspective [10], lacking explication from a vertical perspective.



Climate change causes a change in the soil hydrological cycle system [11], leading to changes in plant growth and its distribution environment [12] and corresponding changes in vegetation types and distribution [13,14]. Temperature and precipitation are the most important climatic elements, and their spatiotemporal changes will directly affect the spatial distribution and change of vegetation [15]. In the past 50 years, the average temperature in the Heihe River Basin has shown a significant increasing trend [16]. Under the impacts of climate change and human activities, the ecological environment of Heihe River Basin has shown a series of degradation phenomena. For example, the overload of the mountain pastures in the upper reaches of Heihe River led to the degradation of large areas of pastures. The area of Ejina Banner in the lower reaches was deteriorate from an ecological barrier of the northwestern region to an important source of sandstorms [16], and the area of influence involves Northwest China, North China, and even East China [17,18]. In recent years, a large number of observations and statistical studies have been made in Heihe River Basin [19,20], especially in small watersheds or smaller scales [21]. However, the responses of spatial distribution in vegetation to climate change are mainly concentrated in some local areas and lack an analysis to the whole area of Heihe River Basin, especially in the different elevation zones [22,23,24].



Moreover, the traditional method of updating vegetation distribution data is mainly based on a large number of field sampling data, original vegetation map, remote sensing images, and other auxiliary data [14,25], which requires expensive cost for purchasing and storing a large number of high-resolution images of remote sensing. In terms of the Google Earth platform, the multi-resolution remote sensing images do not need be downed and stored, being used directly on the Google Earth platform. The original data of vegetation distribution and sampling data can be directly upload to the Google Earth platform [24]. The different resolution images can be adjusted to meet the needs of identifying the vegetation type by zooming the image window on the Google map. They indicate the spatial mapping and analysis methods on the Google Earth platform, and ArcGIS can not only efficiently update the vegetation distribution data but also effectively make up for the current limitations of analyzing vegetation changes in the Heihe River Basin [22,25].



In this paper, the 410 field sampling data multi-resolution remote sensing images and the original vegetation data in the 1980s were combined, and the cost-effective Google Earth platform was utilized to update the spatial data of vegetation in Heihe River Basin in the 2010s. Heihe River Basin is classified into six elevation zones according to the characteristics of vegetation distribution. A dynamic index of vegetation distribution was developed to explicate the spatiotemporal change of vegetation, and a spatial change index of climate elements was developed to analyze the change trend of mean annual biotemperature (MAB) and total annual average precipitation (TAP) in the different elevation zones of Heihe River Basin between the 1980s and 2010s. In addition, the response differences of vegetation to climate change are discussed in the different elevation zones of Heihe River Basin.




2. Materials and Methods


2.1. Study Area


Heihe River Basin, the second largest inland river basin in China, covers more than 14 × 104 km2, being a typical ecological transition zone with the continental arid climate condition [21,26,27] (Figure 1). From the upper reaches to the lower reaches, the biotemperature increases and the precipitation decreases gradually [28,29,30]. The upper reaches with high terrain and cold climate are mainly located in the Qilian Mountains, where the range of total annual average precipitation (TAP) is between 250 and 500 mm, and the distribution of vegetation has an obvious gradient. Among them, the alpine cushion vegetations are mainly distributed in the elevations from 3900 to 4200 m. The alpine meadow vegetations dominated by Kobresia and forb grass are mainly distributed in the elevations from 3600 to 3900 m. The alpine scrub-meadows dominated by the scrub species of Rhododendron przewalskii, Salix cupularis, and Potentilla fruticosa are mainly distributed in the elevations from 3300 to 3900 m. The mountain forests mainly consist of Picea crassifolia and Sabina przewalskii and are distributed in the elevations between 2400 and 3400 m. The mountain steppe and the desert steppe are mainly distributed in the elevations from 2200 to 2600 m, and from 1900 to 2300 m, respectively.



The vegetation types of temperate small scrubs and semi-scrub deserts are mainly located in the middle and lower reaches of Heihe River Basin, where the elevation is generally less than 2000 m. In addition to a few of the desert vegetations of natural small-scrubs and semi-scrubs, the middle reaches are mainly covered by a large number of cultivated crops and planted forests. The lower delta of Heihe River basin is dominated by desert vegetations such as Populus euphratica, Haloxylon ammodendron, Elaeagnus angustifolia, Tamarix chinensis, and Nitraria tangutorum, among others [21,22]. In general, the distribution of Heihe Rivere Basin vegetation shows an obvious vertical zonality. The richness of vegetation types distributed in Qilian Mountains, Ober Beach, and Yeniugou Basin in the upper reaches is higher than that in other areas. The semi-scrub/dwarf semi-scrub desert, scrub desert, Kobresia/weed alpine meadow, and cultivated vegetation are the major vegetation types, covering 74.00% of the whole Heihe River Basin, in which the area of semi-scrub/dwarf semi-scrub desert is up to 57,222.87 km2, accounting for 44.53% of the total area.




2.2. Data Collection and Processing


The basic data for updating the vegetation data in the 2010s include the original vegetation types data in the 1980s, 410 vegetation samples collected in the field from 2011 to 2015 (Figure 1), and multi-resolution remote sensing images obtained from the Google Earth platform. The spatial data of original vegetation in the 1980s was downloaded from the Science Data Center for Cold and Arid Regions (http://sdb.casnw.net/portal/, accessed on 7 October 2020), which involves 79 plant species. The 410 vegetation samples are distributed in the upper, middle, and lower reaches, which cover all types of plant species in the Heihe River Basin. The remote sensing data include the resolutions from 2.5 to 30 m, which were obtained by zooming the images in the different levels for which plant type recognition was necessary (Figure 1).



During the update process of vegetation type in the 2010s, firstly, the sample data of vegetation, the original vegetation data in the 1980s, and the boundary data of Heihe River Basin were input into the Google map. Secondly, a plant species located in a simple point was distinguished on the basis of the plant species of samples data, and its boundary was drawn by combining the original vegetation data in the 1980s and the remote sensing images with suitable resolutions that can be used to identify the plant species. Thirdly, this study repeated the previous step until each plant species was identified and its boundary was drawn. Finally, the boundaries of all updated plant species were integrated to form a plant species map in the 2010s. In addition, in order to explore the vertical distribution of vegetation in Heihe River Basin and its response to climate change, this study classified the 79 plant species data from both the 1980s and the 2010s into 25 vegetation types (Figure 2) and transformed them by using the ArcGIS software to grid data with a same resolution of 500 × 500 m of MAB and TAP.



The climate data were collected from 44 meteorological observation stations in Heihe River Basin and its surrounding area. The spatial data of MAB and TAP with a resolution of 500 × 500 m were simulated by operating the high-speed and high-precision surface modeling (HASM) method (see references of Yue et al. (2013, 2020) [31,32,33,34,35] for specific methods). Moreover, the digital elevation model (DEM) data of Heihe River Basin were obtained from Shuttle Radar Topography Mission (SRTM) data, with a spatial resolution of 30 × 30 km (http://srtm.csi.cgiar.org, accessed on 5 June 2015).




2.3. Classification of the Vertical Vegetation Zone


The dynamic pattern of vegetation in the different elevation zones of Heihe River Basin is important to consider when explicating the differences of vegetation distribution and their responses to climate change from the gradient perspective [36]. On the basis of the DEM data and the spatial data of vegetation in the 1980s and 2010s, as well as by operating the ArcGIS software, this study classified the vertical distribution into six elevation zones, which considered the horizontal and vertical characteristics of vegetation distribution and climate elements in Heihe River Basin [14,37,38,39,40]. Among them, oasis farmland and desert zone is located in the area of elevation less than 1700 m, desert steppe zone is distributed in the elevation range from 1700 to 2100 m, dry scrub-grassland zone is distributed in the elevation range from 2100 to 2500 m, mountain forest-steppe zone is located in the elevation range from 2500 to 3300 m, subalpine scrub-meadow zone is distributed in the elevation range from 3300 to 3800 m, and alpine cold desert-meadow zone is located in the area of elevation more than 3800 m.




2.4. A dynamic Index of Vegetation Distribution


To analyze the dynamic changes of vegetation in the different elevation zones of Heihe River Basin, this study developed a dynamic index of vegetation distribution to compute the change rate of every vegetation type at the cell level. On the basis of the spatial data of vegetation type in the 1980s (   t 0   ) and 2010s (   t 1   ), DEM, and ArcGIS software, this study formulated the dynamic index as
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where     SDI    V k      represents the change rate of vegetation in the kth (k = 1, 2, 3 …, 6) elevation zone of Heihe River Basin between    t 0    and    t 1   ;   G    (  x , y  )    i ,  t 0      and   G    (  x , y  )    i ,  t 1      are the attribute value of vegetation type at site      (  x , y  )   i    in    t 0    and    t 1   , respectively; i is the elevation value included in the kth elevation zone;   S i z e    (  x , y  )   i    is the cell size at site      (  x , y  )   i   ; and    S k    indicates the total area of the kth elevation zone of vegetation.




2.5. A Spatial Change Index of Climate Elements


In order to explicate the change trend of MAB and TAP in the different elevation zones of Heihe River Basin, this study developed a spatial change index of climate element to calculate the average value of MAB and TAP change from the 1980s (   t 0   ) to 2010s (   t 1   ) in the six elevation zones, which this study used to discuss the relationship between vegetation change and climate. The spatial change index of climate element can be formulated as
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where     SIT  k      and     SIP  k    are the change rate of MAB and TAP in the kth elevation zone from the 1980s to the 2010s, respectively;   M A B    (  x , y  )    k ,  t 0      and   M A B    (  x , y  )    k ,  t 1      are the value of MAB at site      (  x , y  )    in the kth elevation zone of vegetation in the 1980s and the 2010s, respectively;   T A P    (  x , y  )    k ,  t 0      and   T A P    (  x , y  )    k ,  t 1      are the value of TAP at site      (  x , y  )    in the kth elevation zone of vegetation in the 1980s and the 2010s, respectively. k = 1, 2, 3 …, 6 represents the six respective elevation zones of vegetation.





3. Results


3.1. Dynamic Changes of Vegetation Types


Between the 1980s and the 2010s, the dynamic change rate of the vegetation distribution in the whole area of Heihe River Basin was up to 25.75%. The largest increased area of vegetation type is cultivated vegetation that was increased by 684.85 km2 per decade, and the second is mountain coniferous forest that was increased by 360.17 km2 per decade. In addition, the increased area of alpine cushion vegetation, temperate deciduous scrub, and the temperate tufted dwarf needlegrass/semi-scrub desert steppe are generally more than that of other vegetation types, which were, respectively, increased by 214.11, 205.54, and 189.39 km2 per decade. The vegetation types of temperate tufted needlegrass steppe, alpine sparse vegetation, scrub desert and semi-scrub/dwarf semi-scrub desert were, respectively, decreased by 887.65, 268.37, 201.06, and 157.97 km2 per decade, which were larger than that of other vegetation types (Figure 3).



From the plant species perspective, during the period from the 1980s to the 2010s, the Picea crassifolia distributed in the Shandan and Minle areas of the middle reaches was increased by 351.08 km2 per decade. The S. sareptana var. krylovii steppe distributed in the Qilian mountains of the upper reaches was decreased by 288.67 km2 per decade, and dwarf needlegrass steppe disappeared in Sunan County of the middle reaches. The area of S. oritrepha scrub had the biggest decrease rate (decreased by 95%), and the area of Picea crassifolia forest had the largest increase rate (increased by 96%) from the 1980s to the 2010s. In general, the Carex spp. forb meadow, Picea crassifolia forest, Sabina przewalskii forest, and Potentilla fruticosa scrub showed a rapid increasing trend, being increased by 358.19%, 32.52%, 30.68%, and 27.48% per decade, respectively. The S. oritrepha scrub, Calamagrostis epigejos tall grass meadow, Hedysarum monogolicum/Artemisia sasoloides/Psammochloa villosa desert, and Polygonum sphaerostachyum/P. viviparum meadow presented a rapid decreasing trend, being reduced by 31.69%, 27.46%, 26.34%, and 17.40% per decade, respectively. In addition, the increased area of the Salix gilashania scrub was only 1.24 km2 between the 1980s and the 2010s, but that showed an obviously different change trend at different elevations of Heihe River Basin.




3.2. Change Trends of Vegetation in Different Elevation Zones


The computed results of vegetation change in the different elevation zones of Heihe River Basin (Figure 4) showed that the vegetation distributed in the oasis farmland and desert zone had the largest changed area and the least change rate, accounting for 2408.00 km2 and 7.73% per decade between the 1980s and the 2010s, respectively. The area of vegetation change in the dry scrub-steppe zone was 1619.25 km2, which was the least in all elevation zones. The vegetation distributed in the mountain forest-steppe zone had the largest change rate, which was changed by 18.98% per decade during the period from the 1980s to the 2010s. In general, the change rate of vegetation distributed in the desert steppe zone, dry scrub-steppe zone, mountain forest-steppe zone, and subalpine scrub meadow zone were larger than that in other two elevation zones of Heihe River Basin between the 1980s and the 2010s.




3.3. Dynamic Changes of Typical Plant Species in the Different Elevation Zones


In order to better analyze the change trend of vegetation distributed in the different elevation zones of Heihe River Basin, this study selected 10 typical plant species that covered at least two elevation zones or more. The changed areas of 10 typical plant species were calculated in the six elevation zones between the 1980s and the 2010s (Figure 5).



The cultivated vegetation (spring wheat, rice, sugar beet, sunflower, Chinese wolfberry, and pear orchard) had the largest increased area in the oasis farmland desert zone, desert steppe zone, and dry scrub-steppe zone, accounting for 552.58, 171.58, and 59.17 km2 per decade, respectively. The increased area of Picea crassifolia forest was the largest in the mountain forest-steppe zone, which was increased by 407.42 km2 per decade. The Sympegma regelii desert had the largest increased area in the subalpine scrub-meadow zone, which was increased by for 61.17 km2 per decade. The Saussurea involucrate, Saussurea spp., and sparse vegetation was increased by 122.75 km2 per decade, being more than in the other elevation zones.



The Reaumuria songorica desert had the biggest decreased area in the oasis farmland and desert zone, which was reduced by 264.83 km2 per decade. The decreased area of Sympegma regelii desert was the largest in the desert steppe zone, which was reduced by 13.00 km2 per decade. All 10 typical plant species showed an increasing trend in the dry scrub-steppe zone. The cultivated vegetation (spring wheat, rice, sugar beet, sunflower, Chinese wolfberry, and pear orchard) in the mountain forest-steppe zone had largest decrease area, which was up to 115.33 km2 per decade. The Picea crassifolia forest had the biggest decreased area in the subalpine scrub-meadow zone and alpine cold desert-meadow zone, which were reduced by 30.25 and 24.58 km2 per decade, respectively.




3.4. Change Trends of Climate in the Differrent Elevation Zones


The calculated results of climate elements in the different elevation zones of Heihe River Basin from the 1980s to the 2010s showed that MAB and TAP both presented a significant increasing trend in the whole area, which were increased by 0.62 °C and 7.57 mm, respectively, between the 1980s and the 2010s. In general, the value of increased MAB was reduced with the elevation increase, while its increased rate was increased gradually with elevation increase (Figure 6). The value and rate of increased TAP were reduced gradually with the elevation rise (Figure 7). In detail, MAB of the oasis farmland and desert zone had the largest increase value (0.80 °C) but showed the least increase rate (7.50%). MAB of the alpine desert-meadow zone had the smallest increased value (0.30 °C), while its increased rate (37.97%) was the fastest. TAP had the largest increase value (12.48 mm) in the desert steppe zone, and the least increase value (2.58 mm) in the alpine cold desert-meadow zone. The change rate of TAP was the highest in the oasis farmland and desert zone, and the least in the alpine cold desert-meadow zone, in which TAP was increased by 4.88% and 0.14% per decade, respectively, between the 1980s and the 2010s.





4. Discussion


The dynamic change of vegetation was generally at a high level in the Heihe River Basin between the 1980s and the 2010s. According to the change trends of vegetation in different elevation zones, the change rate of vegetation in the low and middle elevation zones was generally higher than that in the high-cold zone, which indicates that human activities could be considered a key role to vegetation change during the period from the 1980s to the 2010s because the range of human activities are mainly concentrated in the low and middle elevation zones, and it is difficult up to the high-cold zone [14,20,41].



According to the dynamic changes of typical plant species in the different elevation zones, this study found that the changed areas of cultivated vegetation (spring wheat, rice, sugar beet, sunflower, Chinese wolfberry, and pear orchard) and Picea crassifolia forest were larger than that of other typical plant species, which covered 60.71% of the total changed area of 10 typical plant species in Heihe River Basin between the 1980s and the 2010s. They also indicate the human activities that were the major driving force of vegetation change in Heihe River Basin during the period from the 1980s to the 2010s [41].



In addition, in order to clearly explicate the response of vegetation change to climate, the changes of vegetation, MAB, and TAP were individually calculated in the different elevation zones of Heihe River Basin between the 1980s and the 2010s (Figure 8). There was a positive relationship between the change rate of vegetation and the increased value of TAP, which kept a positive increasing trend from the oasis farmland and desert zone to the dry scrub-steppe zone, but where the increased value of MAB was gradually reduced. These could be used to understand how the sensitivities of vegetation changes to TAP are higher than that to MAB in the low and middle elevation zones of Heihe River Basin [42]. The largest change intensity of vegetation appeared in the mountain forest-steppe zone, but where all the change intensities of MAB and TAP were not the highest between the 1980s and the 2010s. This phenomenon is mainly caused by the projects of returning farmland to forest and grassland, as well as closing mountains for afforestation and grassland [43]. The change rate of vegetation and the increase value of MAB and TAP had a similar decreasing trend from the mountain forest-steppe zone to the alpine cold desert-meadow zone during the period from the 1980s to the 2010s, which further indicates that the influence of human activities on vegetation change in the lower and middle elevation zones was greater than that in the high-cold zone of Heihe River Basin between the 1980s and the 2010s [8,14,44].




5. Conclusions


The analyzed results show that the change intensity of vegetation distributed in the low and middle elevation zones was generally higher than that in the high-elevation zones of Heihe River Basin between the 1980s and the 2010s. The vegetation changes are mainly affected by climate change in the high-cold zone, and the higher the elevation, the smaller the impact from human activities. For example, with the MAB increase, the permanent glaciers, perennial snow, and sparse vegetation were decreased in the high-elevation zones. MAB and TAP were clearly increased value, but showed a decreasing trend with the elevation increasing in Heihe River Basin. Change intensity of MAB increased with the increase of elevation, while that of TAP was the opposite. The cultivated vegetation clearly increased in the oasis farmland and desert zone and decreased in the mountain forest-steppe zone, which means the impacts of human activity to vegetation change was more than that of climate in the low and middle elevation zones of Heihe River Basin during the period from the 1980s to the 2010s.
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Figure 1. Field samples, DEM, and boundary of Heihe River Basin. 
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Figure 2. Spatial distribution of vegetation in Heihe River Basin in the 1980s and 2010s. 
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Figure 3. Vegetation change in Heihe River Basin between the 1980s and the 2010s. 
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Figure 4. Change trends of vegetation distributed in the different elevation zones between the 1980s and the 2010s. 
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Figure 5. Surface area change of 10 typical plant species with respect to elevation. 
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Figure 6. Change trends of MAB in the different elevation zones. 
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Figure 7. Change trends of TAP in the different elevation zones. 
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Figure 8. Change trends of vegetation, MAB, and TAP in the different zones. 
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