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Abstract

:

The scarcity of water resources is becoming a global focus, and water conservation has become one of the most crucial service functions in the water security and sustainable development of ecosystems. Hulunbuir forest–steppe ecotone, as an important water conservation area in the northeastern provinces of China, plays an irreplaceable role in Northeastern China. However, the water yield and water conservation are rarely understood in the ecotone. In this study, the InVEST model was employed to analyze the spatiotemporal dynamics of water yield and water conservation from 2000 to 2020. Meanwhile, we explored the response of water conservation to climatic factors and human disturbance. The results demonstrated that water yield and water conservation presented a decreasing trend in the first decade and then increased. The land use transfer obvious from 2000 to 2010, and most vegetation types were converted into unused land. This transition intensified reduction of water conservation. The main factor affecting the water conservation was climate Precipitation had the greatest impact on water conservation. The findings of this study have great and important implications for regional sustainable water resource management and ecological protection policies and provide a convenient method for evaluating water conservation in other areas that are lacking climate, hydrology, and geological data.
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1. Introduction


Ecotone is a transitional zone between adjacent ecological systems, with a series of characteristics uniquely defined by time, space, and the strength of the interactions between the adjacent zone [1,2]. The utility of the ecotone concept has been described in a series of international meetings [3] and a famous joint publication by the Ecological Society of America and the Man and Biosphere Program [4]. It is more sensitive to changes in environmental conditions often associated with climatic change and human disturbances because of relatively dynamic and unstable zones compared to their neighboring ecosystems [5,6,7]. The Hulunbuir forest–steppe ecotone, located in the east of Inner Mongolia, China, and adjacent to Mongolia and Russia, is a typical ecological transition zone from steppe to forest. In recent decades, due to the overgrazing of grassland and the development of the regional economy, the severe grazing overload in the grassland makes the grazing pressure in the grassland area shift towards the forest–steppe ecotone, where a large number of grasslands have been reclaimed and crops or forage crops have been planted, resulting in the decline or even loss of the ecological service function of the forest–steppe ecotone [8,9]. Daxing’anling forest region is an essential part of the northeast forest belt. It has critical ecological functions such as water conservation and has been recognized as one of China’s important ecological barrier areas by the Ministry of ecological environment. However, there are few research reports on the water conservation capacity of the forest–steppe ecotone connecting Hulunbuir grassland and Daxing’anling forest region, and how much weight it occupies in this ecological barrier area. The water conservation capacity of the ecotone has an irreplaceable role in guaranteeing the water supply and ecological stability of 180 million people downstream and promoting ecological sustainable socio-economic development in the northern region of China.



In recent years, data from several studies suggested that the forest–steppe ecotone was disturbed by global climate change and human activities resulting in significant variations in landscape patterns, severe aridity of habitats, drying of lakes, shrinking wetlands, and decreasing water yield [10,11,12,13,14,15]. These phenomena have become significant ecological problems restricting the sustainable development of regional resources, environment, and social economy. Therefore, it is of great significance to investigate how the water conservation capacity in the Hulunbuir forest–steppe ecotone responds to past climate changes and human disturbances, in order predict and guide future water resource management of the ecotone.



As a critical output of ecosystem services, water conservation is considered the most valuable ecosystem service [16,17]. Climate change and land use change have been identified as two main factors driving water conservation [18]. Climatic factors are crucial in maintaining ecosystem stability and providing water conservation capacity [19]. Studies have demonstrated that meteorological elements affect water conservation by changing precipitation, temperature, and evapotranspiration [20,21]. The temporal and spatial fluctuation of precipitation has significant impacts on water yield [22]. Climate change may be responsible for increases in the severity and frequency of extreme events, such as extreme precipitation, temperature waves, and high winds. A previous study concluded that water yield was very sensitive to extreme weather [23]. Climate change influences ecosystem services by altering the biophysical processes of ecosystems, and it is expected to become a more severe threat to ecosystem services in the next decade [24,25]. Land use change is another essential driver affecting the distribution of water conservation by modifying ecosystem type, landscape pattern, and ecological processes [26]. Land use change significantly affects the hydrologic process and characteristics of regional hydrology by modifying the vegetation cover [27]. Jin, et al. [26] conducted a meta-analysis of land use and demonstrated that land use change severely affected regional hydrological ecosystems and human well-being. Similarly, Bai, et al. [28] found that land use change in Kentucky (e.g., converting woodland into pasture, construction, and agricultural land) reduced water conservation. In fact, a number of studies applied land use as a factor of ecosystem services to predict potential future developments and to assess environmental change [29].



The InVEST model and the SWAT model are currently the most popular methods for researching water yield and water conservation [30,31,32,33,34]. The InVEST model is a comprehensive assessment model for evaluating ecosystem services, and is developed by Stanford University, The Nature Conservancy (TNC), and World Wide Fund for Nature (WWF) [35]. It can visually represent the assessment results of ecosystem service functions, which were abstractly expressed in words. The InVEST model has been widely adopted in more than 20 countries and regions to evaluate ecosystem services, including water yield, carbon storage, biodiversity, and habitat risk assessment [36,37,38,39]. The model requires little data to evaluate the water yield based on the Budyko hydrothermal coupling equilibrium hypothesis [40,41]. It is suitable for applications in areas where data are difficult to acquire. To date, the water yield assessment of the InVEST model has been widely used in different rivers, wetlands, mountains, and hills worldwide. However, there was little discussion about its applications in assessing water yield in the ecotone [34,42,43]. The InVEST model can quantify the water yield under different driving factors, such as climate variables and watershed characteristics (e.g., land use change). A large and growing body of literature has reported that meteorological factors are the most influential parameters in assessing regional water yield using the InVEST model [44,45,46]. However, a large volume of published studies on how land use affects water yield has demonstrated that land-use change alters regional water yield by affecting the biophysical characteristics of vegetation cover [22,42,47]. Collectively, the InVEST model was widely used to explore the change in water yield caused by land use or meteorological factors and performed well under different geographical and climatic characteristics.



In this study, we used the InVEST model to calculate and simulate water yield and water conservation of Hulunbuir forest–steppe ecotone in northeast China from 2000 to 2020. The aims of this study are (1) to visually and quantitatively analyze the spatiotemporal distribution of water yield and water conservation of the ecotone, and (2) to clarify the response of climate change and human disturbance (e.g., land use change and landscape patterns) to water conservation function and to identify the main influencing factors. The results help to deeply understand the water conservation capacity of the forest–steppe ecotone, remind people to pay more attention to the ecotone, and provide basic information on the water conservation capacity for local ecological management.




2. Materials and Methods


2.1. Study Area


Hulunbuir forest–steppe ecotone is located at the Western edge of the Daxing’an Mountains in northeastern China. Its geographical extent is 119°06′ E to 121°51′ E and 47°19′ N to 50°56′ N. There are three county level cities (Genhe City, Erguna City, and Yakeshi City), three counties (Chen Barag Banner, Ewenki Autonomous Banner, and New Barag Left Banner), one district (Hailar District) at Hulunbuir City, Inner Mongolia Autonomous Region. The total area is 45,000 km2 and accounts for 17.8% of the Hulunbuir City. The location of Hulunbuir forest–steppe ecotone is shown in Figure 1. The geological structure of the ecotone belongs to a transitional zone from the western section of the Daxing’an Mountains Fold System to Hulunbuir Plateau, with high terrain in the southeast and low in the northwest, and the relative altitude difference is 500 m. This study area is under a continental arid and semi-arid climate, with an annual average temperature ranging from −3.1 °C to 0 °C. The average annual rainfall ranges from 300 mm to 450 mm with precipitation from June to August accounting for more than 70% of the whole year. In addition, the precipitation in the ecotone increases with the elevation. The average annual potential evapotranspiration ranges from 1200 mm to 1700 mm, which is 4 or 5 times larger than precipitation. Soil types are Haplic Greyzems, Haplic Chernozems, and calcic Chernozems [48]. The vegetation is characterized by a distinct transitional region of forests-steppes, changing gradually from the closed canopy forests in the northeast to the meadows-steppes in the southwest along the transect. Farmland, residential area, water, and unused land mainly lie in the transitional area between grassland and forest. The dominant tree species in woodland are Larix gmelinii (Rupr.) Kuzen, Pinus sylvestris var. mongolica, and Betula platyphylla Suk. Examples of typical herbabaceous species in grassland are Leymus chinensis (Trin.) Tzvel, Stipa baicalensis Roshev, Carex pediformis C. A. Mey [49], and Thermopsis lanceolata R. Br. The transitional region offer a better habitat for Spiraea salicifolia L., Geum aleppicum Jacq., Pyrola incarnata, and Carex pediformis. The forest-steppe ecotone is rich in water resources. There are many rivers, lakes, and wetlands, which are an essential part of the Argun water system. Genhe River and Hailar River flow through the region.




2.2. Calculation Method of Water Conservation


2.2.1. InVEST Model Water Yield Module


The water yield module is based on the Budyko hydrothermal coupling equilibrium hypothesis [50,51]. The module runs on a gridded map and acquires the input in raster format, which in turn helps the spatial heterogeneity of gird data influencing the water yield to be understood. We calculated annual water yield Y(x) for each grid x unit as follows:


  Y  x  =   1 −   A E T  x    P  x      × P  x   



(1)




where, AET(x) is the annual actual evapotranspiration of the grid unit, and P(x) is the annual precipitation of the grid unit. AET(x)/P(x) is the vegetation evapotranspiration of land use/cover type.


    A E T ( x )   P ( x )   = 1 +   P E T ( x )   P ( x )   −     1 +     A E T   ( x )  ω    P ( x )         1 / ω    



(2)




where, PET(x) is the potential evapotranspiration and   ω ( x )   is a non-physical parameter that characterizes the natural climatic-soil properties. PET(x) and   ω ( x )   are calculated as (3) (4):


  P E T  x  =  K c     ι x    × E  T 0   x   



(3)




where,   E  T 0  ( x )   is the reference crop evapotranspiration of the grid unit, and    K c     ι x      is the plant evapotranspiration coefficient of the specific land use/cover type in the grid unit.


  ω  x  = Z   A W C  x    P  x    + 1.25  



(4)




where, Z is an empirical constant that can represent the regional precipitation distribution and other hydrogeological characteristics [35]. This study obtained Z by repeatedly verifying the simulated water production and actual water resources.   A W C  x    is the effective soil water content (mm) of the grid unit, which is mainly determined by the plant available water content (  P A W C  x   ), the maximum root burial depth of the soil and the minimum value of the plant root depth [35].


  A W C  x  = M i n   R e s t . l a y e r . d e p t h ,     r o o t . d e p t h   × P A W C  



(5)




where, the maximum root burial depth of the soil is the maximum depth to which plant roots can extend in the soil due to the different physical and chemical characteristics of the environment. Plant root depth refers to the depth of the soil layer at which 95% of the root biomass of a specific plant type is present.   P A W C   represents the plant available water content, expressed as the difference between the field water holding capacity and the wilting point.




2.2.2. Calculation of Water Conservation


Water conservation function characterizes the ability of the ecosystem to retain water in the study area [43]. The calculation formula is listed as follows:


  R e n t e n t i o n = M i n   1 ,       249   V e l o c i t y       × M i n   1 ,       0.9 × T I   3       ×   1 ,        K  s a t     300       × Y i e l d  



(6)




where,   R e n t e n t i o n   is the water conservation capacity (mm).   Y i e l d   is the water yield calculated by the Invest model (mm). TI is the topographic index.   V e l o c i t y   is the velocity coefficient, and    K  s a t     is the soil saturated hydraulic conductivity.





2.3. Data Source and Processing Method


The water yield module demands some spatial and non-spatial data to calculate water yield, including average annual precipitation, average annual potential evapotranspiration, land use and vegetation cover, altitude, soil data, plant available water content, watersheds, parameter Z, and a biophysical table [35]. The assessment of water conservation requires data such as topographic index, soil saturated hydraulic conductivity, and velocity coefficient [52,53]. Relevant basic data sources are shown in Table 1. In this study, prior to computing water yield, all of the data were resampled at a spatial resolution of 30 m and projected using the WGS_ 1984_ Albers. All of the raster data formats were TIFF. The biophysical coefficients are shown in Table 2, which provides information about land use categories, plant evapotranspiration coefficient (   k c   ), and root depth [35,52].




2.4. Scenario Settings for Differentiating Effects of Land Use and Climate Change


We designed four scenarios through controlling two influential factors of land use and climate to analyze LULC, climate change, and their interactive effects on water conservation. First, we selected the LULC raster data for 2000 and 2010 to represent LULC conditions. Then, we used the climate maps for 2010 and 2015 to represent climate conditions. Significant variations in the four raster data can be better used to set scenarios. Finally, we generated four simulation scenarios by integrating land use and climate data (Table 3) and used the InVEST model to assess water conservation under the four simulated scenarios.



In order to analyze these two driving factors, we determined the effects of LULC change on water conservation by using Equation (7).


   W l  =  1 2      W  l 1   +  W  l 2       



(7)




where,    W l    represents the change in water conservation due to the separate effect of LULC change.    W  l 1     and    W  l 2     represent the changes in water conservation calculated as the difference between the outputs of S1 and S2 in 2010, and S3 and S4 in 2015, respectively. We used a similar approach to quantify the effects of climate change on water conservation by using the following Equation (8)


   W c  =  1 2  ×    W  c 1   +  W  c 2      



(8)




where,    W c    is the change in water conservation due to the separate effect of climate variability.    W  c 1     and    W  c 2     are the variations in water conservation calculated as the difference between outputs of S1 and S3 under LULC of 2000 and S2 and S4 under LULC of 2010, respectively. We determine the combined land use and climate effects by Equation (9).


   W  l c   =  1 2     W  l c 1   +  W  l c 2     −  W l  −  W c   



(9)




where    W  l c     is the variations in water conservation due to the combined effects of LULC and climate change.    W  l c 1     represents the changes in water conservation calculated as the difference between the output of S4 and S1.    W  l c 2     is the difference between scenarios of S2 and S3.



Previous studies have applied similar approaches to evaluate the separate effects of LULC and climate change [58,59,60,61,62,63,64]. In this study, we replaced the general representation of water conservation (W) with the specific hydrological component under consideration.




2.5. Data Analysis Method


Firstly, spatial data analysis was used to assess the spatial distribution patterns of water yield and water conservation capacity. The quantile classification in Arcgis 10.6 (ESRI, Redlands, CA, USA) was used to visualize these raster data. Secondly, the Markov space transfer matrix method was used to generate the land use transition matrix that reflects the changes of land cover and land use types from 2000 to 2020. Moreover, we used python 3.7 to draw the Sankey diagram of the transfer matrix to make the transfer matrix more visualizable. Thirdly, the M-K abrupt change test has been widely used to quantify the slope of trends in meteorological time series. Therefore, we calculated the M-K abrupt change test for temperature, precipitation, and evapotranspiration using python 3.7 to analyze the effect of climate factors on water conservation capacity. Fourthly, we used ArcGIS 10.6 to generate 100 random sampling points and extracted data from   Δ  W c   ,   Δ  W l   , and   Δ  W  l c     scenarios and we applied ANOVA to compare the effects of LULC and climate change on water production. Finally, we produced a heat map of the Pearson correlation analysis to explore the effects of climate change and other factors on water conservation.





3. Results


3.1. Variation Characteristics of Water Yield and Water Conservation


3.1.1. Variation Characteristics of Water Yield


Figure 2 shows the temporal and spatial distribution of water yield in Hulunbuir forest–steppe ecotone from 2000 to 2020. The interannual variation of water yield was obvious, but its spatial distribution characteristics were basically similar. The water yield of the forest–steppe ecotone gradually decreased from southeast to northwest. The high water yield area was mainly distributed in the southeastern region of Yakeshi City. The middle water yield area was mainly at Hailar District, Yakeshi City and Erguna City. The low water yield area was located at the northwest district of Erguna City and the west of Hailar District (Figure 2a–e). The interannual variation of water yield in the ecotone firstly demonstrated a decrease and then increased. The water yield demonstrated a significant decline about 57.9% from 2000 to 2010, and the water yield was lowest in 2010 with 33.12 × 108 m3. The water yield increased significantly with an increase of 73.4% from 2010 to 2020, and the water yield was highest in 2015, at about 81.47 × 108 m3 (Figure 2f).




3.1.2. Variation Characteristics of Water Conservation


Figure 3 shows the temporal and spatial distribution of water conservation in the Hulunbuir forest–steppe ecotone from 2000 to 2020. The spatial distribution of water conservation was basically consistent with the water yield. The high water conservation area was mainly distributed in the southeastern region of Yakeshi City. The low water conservation area was located at the northwest district of Erguna City and the west of Hailar District. The middle water conservation area was mainly among Hailar District, Yakeshi City and Erguna City (Figure 3a–e). The interannual variation of water conservation in the ecotone demonstrated a trend of decreasing and then increasing. Water conservation demonstrated a significant decline with a decline range of 58.6% from 2000 to 2010. Water conservation was lowest in 2010 about 17.16 × 108 m3. Water conservation increased significantly with an increase rate of 87.6% from 2010 to 2020. Water conservation was highest in 2015 about 46.33 × 108 m3 (Figure 3f).





3.2. Variations of Land Use and Climate Change in the Forest–Steppe Ecotone


3.2.1. Variations of Land Use


Taking the spatial distribution characteristics of land use in 2020 as an example, the main land use in this area was woodland, grassland, and farmland, which account for 84.9% of the total study area. Woodland was distributed in the eastern high-altitude area of the ecotone. Grassland was distributed in the western low-altitude area of the ecotone. Farmland was distributed in the central area of the ecotone, which was scattered between woodland and grassland (Figure S2). Table 4 and Figure 4 show the interannual changes of land use in the forest–steppe ecotone from 2000 to 2020. In the past 20 years, the areas of farmland, woodland, and unused land had increased significantly. The areas of these land use had increased by 0.13 × 104 km2, 0.15 × 104 km2, and 0.45 × 104 km2, respectively, with an increase rate of 24.5%, 11.3% and 281.3%. The area of grassland decreased significantly by 0.75 × 104 km2 with a reduction of 30.7%. The change of land use was most obvious from 2005 to 2010. A large area of grassland became farmland, woodland, and unused land, and the transfer rates of grassland were 7.7%, 16.2%, and 17.5% respectively.



The water conservation of the land use in the ecotone was statistically calculated from 2000 to 2020. The water conservation of the three main land uses in the five study periods was: woodland > grassland > farmland (Table S1). Grassland, woodland, and farmland all exhibited highest water conservation in 2015: woodland (172.51 mm) > grassland (98.1 mm) > farmland (63.15 mm), while their water conservation was lowest in 2010: woodland (51.69 mm) > grassland (43.75 mm) > farmland (31.56 mm).




3.2.2. Variations of Climate Change


Figure 5 shows the interannual variation of temperature, evapotranspiration, and precipitation from 1996 to 2020. The results indicated that the changes of annual mean temperature (Figure 5a) and annual evapotranspiration (Figure 5c) showed an overall upward trend, while the change trend of annual precipitation (Figure 5e) presented a slightly increasing trend. By comparing the average values of meteorological factors every 5 years, it was found that precipitation reached the maximum in 2011–2015 with 398.28 mm, and temperature and evapotranspiration were at a relatively low level with −0.64 °C and 850.51 mm, respectively. Therefore, under the influence of various meteorological factors, the water conservation reached the maximum in 2015. Precipitation reached a minimum value of 291.01 mm in 2001–2005, and temperature and evapotranspiration were at relatively high levels with −0.19 °C and 878.59 mm, respectively. Therefore, the water conservation was at a low level in 2005.



Figure 5b,d,f shows the mutability analysis of meteorological factors in the ecotone from 1996 to 2020. The results demonstrated that there were no significant trends in temperature and evapotranspiration. There was a significant decreasing trend in precipitation from 2000 to 2010. Therefore, the water conservation declined in 2005 and 2010.





3.3. Response of Water Conservation to Driving Factors


3.3.1. Response of Water Conservation to Driving Factors


Climate change increased water conservation by 66.09 mm for the forest–steppe ecotone from 2015 to 2010, with most pronounced effects in the southeast mountainous area (Figure 6a,d). Land use decreased water conservation by 9.25 mm for the whole region from 2010 to 2000 (Figure 6d). The changes in water conservation are mainly distributed in areas where the LULC is shifting to unused land (Figure 6b). Interactive effects between LULC and climate change had significant impacts on water conservation in the Hulunbuir forest–steppe ecotone with inhibitory effects on water conservation. Interactive effects decreased water conservation by 66.09 mm in the scenario analysis, with the most pronounced inhibitory impact occurring in the woodland region (Figure 6c,d). In short, climate change was the main factor influencing water conservation changes in the forest–steppe ecotone, followed by LULC and interactive effects.




3.3.2. Main Driving Factors of Water Conservation


We adopted the Pearson correlation analysis to explore the impact of various driving factors on water conservation (Figure 7). The correlation results demonstrated that climate factors have a more significant impact on water conservation. Precipitation (Pre) exhibited significant positive correlations with water conservation, and temperature (Tem) and potential evapotranspiration (ET0) exhibited significant negative correlations. This suggested that an increase in precipitation would promote water conservation, while changes to other climate factors would have an inhibitory effect on water conservation. In addition, elevation and velocity coefficient demonstrated a significant positive correlation with water conservation, illustrating that soil texture and topography could be important driver factors to water conservation. Overall, precipitation has a stronger correlation with water conservation than other driver factors.






4. Discussion


4.1. Temporal and Spatial Distribution of Water Yield, Water Conservation, and Model Verification


4.1.1. Temporal and Spatial Distribution of Water Yield and Water Conservation


This study provides a reference for understanding the temporal and spatial distribution of water-ecological service functions and the analysis of drivers in the fragile area of the ecotone. By comparing the model with the actual data, the parameters of the InVEST model were revised, which can accurately simulate the water ecological service function of the ecotone. The temporal and spatial distribution of water yield and water conservation in the ecotone had changed considerably within the last 20 years, and the interannual variations initially decreased and then increased. The water yield and water conservation demonstrated a decreasing trend with a decrease of 57.9% and 58.6% respectively, from 2000 to 2010. There was an increasing trend for water yield and water conservation with increase of 73.4% and 87.6%, respectively, from 2010 to 2020. Water yield and water conservation were lowest in 2010 with 33.12 × 108 m3 and 17.16 × 108 m3, respectively, and were highest in 2015 with 81.47 × 108 m3 and 46.33 × 108 m3, respectively (Figure 2f and Figure 3f). This result was similar with the results of the previous study [65]. For the spatial distribution of water yield and water conservation, the water ecological service function of mountains and hills in the southeast was higher than that of plains and platforms in the northwest. This result was consistent with the study of Dennedy-Frank, et al. [31]. Water yield and water conservation were closely related to the nature of ecosystem types. Due to the spatial heterogeneity of geographical location, climate conditions, and vegetation cover, the water conservation of each land use also demonstrated obvious differences. The water conservation of the ecotone reached the highest in 2015, and the water conservation of the main land uses was: woodland (172.51 mm) > grassland (98.1 mm) > farmland (63.15 mm). There was a minimum value in 2010, and the water conservation of the main land uses was: woodland (51.69 mm) > grassland (43.75 mm) > farmland (31.56 mm) (Table S1). This result was the same as that of the previous study [66].




4.1.2. Parameter Z and Model Validation


The water conservation function is an important part of the regulation function of the watershed ecosystem, which involves the sustainable development and ecological security of regional water resources [22]. In this study, the water yield module of the InVEST model was used to assess the water conservation function of the ecotone. The model utilized a simplified confluence process that ignored the interaction between surface water and groundwater. The water yield was the precipitation in each grid unit minus the actual evapotranspiration. Meanwhile, the water yield was corrected by the Topographic index, soil saturated hydraulic conductivity, and velocity coefficient to obtain the water conservation [52,67]. Compared with the traditional water yield estimation method, the InVEST model requires less data, which is easy to obtain, and the model can also well express the results of spatial heterogeneity caused by various factors in actual experience. When the model is widely used in ecological and hydrological research, its good performance must be guaranteed [68]. The accuracy and validity of the InVEST model largely depend on the parameter Z, which can represent regional precipitation distribution and other hydrogeological characteristics. However, as an empirical constant, the choice of the parameter Z is uncertain and has a wide range of choices, which has a significant impact on the results [35]. Using the invest model manual to calculate the parameter Z, there is a large gap with the actual data, so the accuracy of the model still cannot be well expressed. Based on the data of the Inner Mongolia Water Resources Bulletin, this study repeatedly verified the water yield results of the Invest model. After running the model 50 times, the water yield difference of the Hulunbuir forest–steppe ecotone was obtained from 2000 to 2020. Then statistical fitting was performed (R2 = 0.99), and it was found that when the parameter Z was 1.7, the difference between the simulated water yield and the actual data was the smallest (Figure S1). The simulation results demonstrated that the range of water yield in the Hulunbuir forest–steppe ecotone was 33.12 × 108 m3–81.47 × 108 m3 (Figure 2f), and the range of water conservation was 17.16 × 108m3–46.33 × 108 m3 (Figure 3f) in the last 20 years. The parameter Z in the results of this study can be applied to other research areas with similar geographical location [53].





4.2. The Main Driving Factors of Water Conservation in the Forest–Steppe Ecotone


Water conservation is one of the important regulating services provided by the ecosystem. On the spatial scale, the water conservation function can realize the mutual transformation of surface runoff, soil water conservation, and underground runoff, thus regulating regional water circulation [69,70]. On the temporal scale, the function can replenish water in dry seasons, reduce surface runoff in flood seasons, effectively prevent sedimentation of rivers and lakes, and ensure the safety of the drinking water sources [69,71,72]. However, regional water conservation is mainly affected by climate factors and human activities [62,63]. In order to explore the impact of these driver factors on water conservation, this study compared the no LULC change scenario (climate change) and the LULC change scenario (no climate change). The results demonstrated that climate changes in water conservation were more than LULC changes (Figure 6). This finding is consistent with previous results [18,73,74]. There are some reasons to explain the smaller contribution of LULC change. Firstly, the scale of LULC change is small and the change process is complex, which has little effect on water conservation [75]. Furthermore, different land use conservation patterns cause both negative and positive impacts on water conservation. The conversion of grassland to farmland decreased water conservation, while the conversion of farmland to woodland increased water conservation (Table S1). In contrast, climate change could directly modify surface runoff and have a significant effect on water conservation [18]. The results of the correlation demonstrated that precipitation was an important driver of water conservation. It was consistent with many other studies that emphasized the importance of precipitation to the InVEST model [38,45,46,53,76]. At the same time, it was also found that the impact of meteorological factors on water conservation was greater than that of human interference, which was similar with the previous study [18,73,74]. According to the principle of water balance, precipitation and actual evapotranspiration were the important links that determined the water conservation, and precipitation was mainly controlled by natural conditions, while human activities had little influence on precipitation. However, actual evapotranspiration was influenced by land use, temperature, wind speed, relative humidity, and sunshine duration [77]. Land use was greatly affected by human activities, but their change process was complex and has little impact on water conservation [75]. The conversion between different land uses may increase or reduce water conservation resulting in an overall insignificant change. The conversion of farmland to woodland increased water conservation, while the conversion of grassland to farmland decreased water conservation. In addition, the land use change in the Hulunbuir forest–steppe ecotone in the recent 10 years was not obvious, and the influence of climate factors can easily exceed that of land use.




4.3. Significance and Limitations of This Study


Invest model is widely used to evaluate water yield in different rivers, wetlands, mountains, and hills all over the world, but it is still not used to study the water yield evaluation of ecotones [34,42,43]. In this study, the changes of water conservation in the Hulunbuir forest–steppe ecotone from 2000 to 2020 were studied, and various factors affecting the water conservation of the ecotone were analyzed, which filled the research gap of the water conservation of ecotone. The improvement of water conservation demonstrated that the water storage and regulation function of the regional ecosystem were enhanced, which promoted the positive feedback of hydrological process, and it was conducive to the development of ecosystem services. On the contrary, it will interfere the sustainable development of ecosystem and services [78]. The Hulunbuir forest–steppe ecotone is a channel for water resources exchange between two important ecological function areas and an important ecological barrier area in the north of China, which is of strategic importance for maintaining sustainable development and water resources management planning in northeast and even north China. However, the water conservation of the Hulunbuir forest–steppe ecotone has decreased in the past 20 years, which indicated the deterioration of the ecological environment in this area [10,11,12,13]. Therefore, it is necessary to strengthen the awareness of the ecological environment and water resources protection and take effective measures in time. At present, there still exists some limitations in the study of water conservation in the Hulunbuir forest–steppe ecotone based on the Invest model, which mainly include: (1) The response of each driving factor to water conservation is discussed in the research, but the research on the specific mechanism of how each factor affects water conservation is limited. (2) The applicability of the model in the whole Hulunbuir region needs further verification. Thus, the model has better application scenarios and increases the general applicability of the model.



Authors should discuss the results and how they can be interpreted from the perspective of previous studies and of the working hypotheses. The findings and their implications should be discussed in the broadest context possible. Future research directions may also be highlighted.





5. Conclusions


This study used the InVEST model to analyze the water yield and water conservation of the Hulunbuir forest–steppe ecotone from 2000 to 2020, and determined the comprehensive effects and relative importance of land use and climate change in determining the water conservation of the ecosystem. The overall trend of water yield and water conservation in the forest–steppe ecotone first decreased and then increased in the past 20 years. The water yield and water conservation reached the lowest level in 2010 and reached the highest level in 2015. The land use transferred obviously from 2000 to 2010. Most of the land use types with the high water conservation capacity were converted into unused land. These transformations intensified the reduction of the water conservation. Climatic factors were the main factors affecting the water conservation of the forest–steppe ecotone. Precipitation had a greater impact on water conservation than potential evapotranspiration and temperature. In addition, the model parameters used in this study can also provide reference for the study of related regions under similar climatic conditions. The modified InVEST model can be applied to other regions with similar climatic and hydrogeological backgrounds when lacking the relevant data.
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Figure 1. Study area of the Hulunbuir forest–steppe ecotone in China. 
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Figure 2. Temporal and spatial distribution of water yield in Hulunbuir forest–steppe ecotone from 2000 to 2020. (a–e) represent the spatial distribution of water yield in the Hulunbuir forest–steppe ecotone in 2000, 2005, 2010, 2015, and 2020, respectively. The water yield was reclassified to obtain 4 intervals according to quantiles, among which >186 mm was high water yield area, <123 mm was low water yield area (here referred to relatively high, medium, and low water yield areas), and (f) represents the time series of water yield in the Hulunbuir forest–steppe ecotone from 2000 to 2020. 
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Figure 3. Temporal and spatial distribution of water conservation in Hulunbuir forest–steppe ecotone from 2000 to 2020. (a–e) represent the spatial distribution of water conservation in the Hulunbuir forest–steppe ecotone in 2000, 2005, 2010, 2015, and 2020, respectively. The water conservation was reclassified according to quantiles to obtain 4 intervals, among which >95 mm was a high water conservation area, <58 mm was a low water conservation area (here referred to relatively high, medium, and low water conservation areas), and (f) represents the time series of water conservation in the Hulunbuir forest–steppe ecotone from 2000 to 2020. 
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Figure 4. The sankey diagram of land use transfer matrix in Hulunbuir forest–steppe ecotone from 2000 to 2020. 
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Figure 5. Time series variation and Mann-Kendall mutation detection of main climate indexes in forest–steppe ecotone. (a,c,e) showed the interannual variation of temperature, potential evapotranspiration, and precipitation, respectively. (b,d,f) showed Mann-Kendall mutation detection of temperature, potential evapotranspiration, and precipitation, respectively. 
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Figure 6. Spatial distributions and effect sizes of climate change, LULC and their interactive effects. (a–c) represented the spatial change in water conservation due to the separate effect of LULC change, climate change, and the combined effects of LULC change and climate change. (d) represented the analysis of variance (ANOVA) for water conservation in three scenarios. “****” represents the node. 






Figure 6. Spatial distributions and effect sizes of climate change, LULC and their interactive effects. (a–c) represented the spatial change in water conservation due to the separate effect of LULC change, climate change, and the combined effects of LULC change and climate change. (d) represented the analysis of variance (ANOVA) for water conservation in three scenarios. “****” represents the node.



[image: Forests 13 02039 g006]







[image: Forests 13 02039 g007 550] 





Figure 7. Correlation analysis of the driving factors of water conservation. Tem is temperature; Pre is precipitation; ET0 is potential evapotranspiration; DEM is digital elevation; PAWC is plant available water content. 
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Table 1. Acquisition and preprocessing of the data.
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	Data
	Data Source and Processing Method





	Precipitation
	The meteorological data were obtained from the National Meteorological Information Center (http://data.cma.cn/) (accessed on 20 September 2021). We selected the monthly data of 41 meteorological stations in northeast China from 1996 to 2020, and obtained the required annual value data for each station by calculation. Then we calculated the average precipitation for each station from 1996–2000, 2001–2005, 2006–2010, 2011–2015 and 2016–2020 [54]. Finally, interpolation calculations were performed using Anusplin 4.3 software to generate precipitation raster data for the years 2000, 2005, 2010, 2015 and 2020 [55].



	Potential evapotranspiration
	We calculated the monthly potential evapotranspiration at each meteorological station using the Penman-Monteith formula recommended by Food and Agriculture Organization of the United Nations (FAO), and obtained the required annual data for each station by calculation. Then we calculated the average potential evapotranspiration for each station from 1996–2000, 2001–2005, 2006–2010, 2011–2015 and 2016–2020 [54]. Finally, interpolation calculations were performed using Anusplin 4.3 software to generate precipitation raster data for the years 2000, 2005, 2010, 2015 and 2020 [55].



	Soil data
	The data mainly include soil type, soil texture (%clay, % silt, % sand, and % organic carbon) and soil depth, which are derived from the world soil database (HWSD v1.2) (https://www.fao.org) (accessed on 10 October 2021) constructed by Food and Agriculture Organization of the United Nations (FAO) and International Institute for Applied Systems Analysis (IIASA).



	Plant available water content (PAWC)
	Calculated from soil texture: PAWC = 54.509 − 0.132sand% − 0.003(sand%)2 − 0.055silt% − 0.006(slit%)2 − 0.738clay% + 0.007(clay%)2 − 2.688OM% + 0.501(OM%)2, where OM% represents the content of soil organic matter [52].



	Land use
	The data were obtained from the Resource and Environment Science and Data Center of the Chinese Academy of Sciences (https://www.resdc.cn/) (accessed on 12 October 2021). We download the land use data of the study area in 2000, 2005, 2010, 2015, and 2020 from the website.



	Digital elevation model
	The data were obtained from the Geospatial Data Cloud (http://www.gscloud.cn) (accessed on 15 October 2021), from which ASTER GDEM 30 m resolution elevation data were downloaded.



	Topographic index
	Based on the data of DEM and soil depth, the spatial analysis tool in ArcGIS was used for calculation.



	Velocity coefficient
	Data were obtained from the relevant studies and the InVEST model manual.



	Soil saturated hydraulic conductivity
	It was calculated using SPAW software based on soil texture data.



	The parameter Z
	The simulated water yield and the actual water resources in the Inner Mongolia Water Resources Bulletin were verified 10 times a year (50 times in total). When Z = 1.7, the simulated water yield is consistent with the public data (Figure S1).
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Table 2. Table of biophysical coefficients for the water yield module of the InVEST model.
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	Lucode
	LULC_Desc
	LULC_Veg
	kc
	Root_Depth (mm)





	1
	Farmland
	1
	0.65
	400 [56]



	2
	Woodland
	1
	1
	3500



	3
	Grassland
	1
	0.65
	600 [57]



	4
	Water
	0
	1
	1



	5
	Residential
	0
	0.3
	1



	6
	Unused land
	0
	1
	1







Note: The biophysical coefficient table was mainly for each land use attribute rather than grid unit attribute. Lucode was the land category code in each land use, which was consistent with the above land use grid data. LULC_desc was a descriptive name for land use. LULC_veg was vegetation covered land use, excluding wetlands, and zero was other land use, including wetlands, urban land, and water bodies.    k c    was the plant evapotranspiration coefficient for each land use. Root_depth was the maximum root depth of vegetation covered land use, and the unlabeled data in the table referred to the InVEST model manual [35].
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Table 3. Land use and climate scenario settings.
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	Land Use 2000
	Land Use 2010





	Climate 2010
	S1
	S2



	Climate 2015
	S3
	S4
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Table 4. Land use change in forest–steppe ecotone from 2000 to 2020.
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LULC Types

	
2000

	
2005

	
2010

	
2015

	
2020




	
104 km2

	
%

	
104 km2

	
%

	
104 km2

	
%

	
104 km2

	
%

	
104 km2

	
%






	
Farmland

	
0.53

	
11.8%

	
0.54

	
12.0%

	
0.68

	
15.1%

	
0.68

	
15.1%

	
0.66

	
14.6%




	
Woodland

	
1.33

	
29.5%

	
1.34

	
29.7%

	
1.48

	
32.8%

	
1.48

	
32.8%

	
1.48

	
32.8%




	
Grassland

	
2.44

	
54.1%

	
2.41

	
53.4%

	
1.66

	
36.8%

	
1.65

	
36.6%

	
1.69

	
37.5%




	
Unused land

	
0.16

	
3.5%

	
0.17

	
3.8%

	
0.64

	
14.2%

	
0.64

	
14.2%

	
0.61

	
13.5%




	
Residential area

	
0.03

	
0.7%

	
0.03

	
0.7%

	
0.03

	
0.7%

	
0.04

	
0.9%

	
0.05

	
1.1%




	
Water

	
0.02

	
0.4%

	
0.02

	
0.4%

	
0.02

	
0.4%

	
0.02

	
0.4%

	
0.02

	
0.4%

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  forests-13-02039


  
    		
      forests-13-02039
    


  




  





media/file8.jpg
Yo o






media/file11.png
(b)

Water conservation/mm

=100 =

wEEE

EE L

L L L

T
Wle






media/file6.jpg
Grasstand(2000) iassandzood I
ey | i 0
= =

Woter@000) Woter2005) worer2010) vorero1s) Woter020)

Residenal rea2000)  Resientiol eal2005) ~ Resdantil wesZ010) Residentl wea@D1S) — Resideniol rea@020)






media/file1.png
Ny
Le !_ 0 ﬁd“\.
County \--\.‘
River

DEM
pm hight : 1569

487

1 I
50°0'0"N 51°0'0"N

1
49°0'0"N

I
48°0'0"N

T
118°0'0"E





media/file13.png
Tem

-0.48 -0.20 0.19 023 -0.46 -0.31
-0.59 m 0.09 -0.15 -0.24 -0.03 =O:29
-0.59 -0.20 @ 0.24 m

-0.12 -0.47 0.01

Pre — -0.42

ET

DEM - -0.48 -0.59

PAWC - -0.20 0.09 -0.20

1.00 0.20 -0.48 -0.45

0.45 0.50

-0.17 ' 0.10 -0.12 -0.10 -0.11

Soil depth — 0.19  -0.15 = 024 -0.12

nﬂ 026 N 047 010

Ksat - 023 -0.03 020 0.01 -0.12 -0.08

-0.08 -0.23 -0.26
-0.41 -0.27

Velocity — -0.46 | 0.29  -0.48 -0.10 -0.23

WC - -0.31 -0.45 -0.11 -0.26
| | | | | |
E £ = S O & B § 2 O
= ~ E 8 N % =
= =
wn

1.0

0.8

0.6

— 0.4

—0.2

- 0.0

- —0.2

-—04





media/file10.jpg
@] ()|
Wi W
o 26328 l 238
©)] @
E 3 o]
i i
Wi o i

=
.






media/file7.png
Framland(2000) Framland(2005) Framland(2010) Framland(2015) Framland(2020)

e 1 1B

WooldandEOND, =~ WOOIdla"d(zoos) Wooldland(2010) Wooldland(2015) Wooldland(2020)

1 _-"
\ /
\ /
v" '
{ i [\
¢ i il
i I
) i
i I
|
! { /
| | V )
i { J ! i
1 |
' | ) l';l "‘
|
|
|
i

Grassland(ZDOO) <l Grassland(ZOOS) \\N
N Grassland(2010)

\ \ Y ' Grassland (2015) ]l Grassland{2020
(™ | |
A
.‘123"' "
/ f | )
NI ,.":.' |." I
/ . Unused land(2010) | Unused Iand(2015)“':'-‘ Unused land(2020)

-

=

o "‘ 5(‘/’ “‘. “
Unused Iand(ZOOO) _‘xUnused Iand(2005) AN / I\
Water(2000) Water(ZO{]S) 7> | Water(2010) // Water(2015) " Water(2020)
Residential area(2000) Residential area(ZOOS)‘ - Residential area(2010) Res;dentlalarea(2015) - Residential area(2020)

— ——— — e B = ]





media/file12.jpg
Tem

1.0
oas 220 (a0 ONOR] 046 031

Pe- 082 o mﬂ os
e, 039 020 n.um 020 045 035 0

003 012 047 001
04

017 010 012 010 011

DEM - -0.48 059

PAWC - -020 009 020 003

-02
Soil depth — 019 015 024 012 017 007 008 023 026
n.ﬂwnw oo oo
Ksat— 023 003 020 001 -0.12 — 02
Velocity - -0.46 | 0291 -0.48 010
--04
we- a1 n o 00 o
' ' T —p—
E 2 & 2 9 2 E §
8§ & B Z E ‘]
& 225 H





media/file9.png
(a) Temp mutation analysis (Mann-Kendall) (b)

104 1 1 K | Five-year average )
8 0.5 11
s
g 0.0 - m 01
- >
3 5 | % 5 -1 4
=
=
o <1.b¥
< -2 1
e
_3 <
1995 2000 2005 2010 2015 2020 1995 2000 2005 2010 2015 2020
Year Year
(c) ETO0 mutation analysis (Mann-Kendall) (d)
LU I . T | Five-year average 2
950 1
—~ l .
8
é 900
o /m
= 2 @
3 5
S 850
o=t
< A
800 1
_2 .
750 i T T T T T T I T T T T T
1995 2000 2005 2010 2015 2020 1995 2000 2005 2010 2015 2020
Year Year
(e) Pre mutation analysis (Mann-Kendall) (f)
6001 o | | | Five-year average 3 -
S _ 2
E 550
= 5004 9
=
= 4501 .
& -3
5 400- S
a -2
= 350 1
z o) et
Z 300 \/ =
_4 4
250 1
T T T T ‘I L _5 q
1995 2000 2005 2010 2015 2020 1995 2000 2005 2010 2015 2020
Year Year

== {JB e i B e UEUB:  20mes Confidence interval (a=0.05)





media/file5.png
N (a) (b) (©)
2000 2005 2010
(d) (e) (f)
A 4633
e 41.49
w;' 40 1
E 32.19
€30
;
E 21.18
E 20 17.16
=
10 -
2000 2005 2010 2015 2020
2015 2020 Year
—— km Water conservation/mm
0 375 75 150 225 300

[ 1<30 I 30-58 I 58-95 M >95





media/file3.png
(a) (b) (c)
2000 2005 2010
(d) (e) (f)
1 78.75 8147
g
s
0 .
201 5 2020 2000 2015 2020
0-37? 75

Water yield/mm

[ 1<70 W 70-123 N 123-136 M >136





media/file4.jpg
@)

@

2010

@

2015

@

? o
209

202)

- conservation/mm

[ <30 I 0-55 N 5595 I 95






media/file0.jpg





media/file2.jpg
@) )] ©)|
a 200 2010
Z © ®
i s
i s
2015 P e
b Water iekdmm

<70 B 70123 N 123-156 I 186





