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 25 

Abstract: As the largest contiguous karst area of China, the southwestern karst area is a typical 26 

ecologically fragile area affecting local vegetation dynamics. Ecosystem water use efficiency 27 

(WUE) is an important factor outlining the vegetation’s ability to produce organic matter with a 28 

limited water supply. Therefore, it is important to determine WUE variation trends in this 29 

ecologically fragile region. In this paper, we used MODIS remote sensing datasets, meteorological 30 

data and land cover data to analyze the spatiotemporal changes in vegetation water use efficiency 31 

in the southwest karst region from 2001 to 2017. We also further quantitatively analyzed the impact 32 

of climate change and human activities on the spatial and temporal patterns of vegetation WUE in 33 

the study area. The main conclusions were as follows. (1) From 2001 to 2017, in terms of temporal 34 

characteristics, the interannual variation in WUE fluctuated greatly, ranging from 1.33 to 1.51 g C 35 

kg-1 H2O, with a multiyear average of 1.43 g C kg-1 H2O and an average rate of change of -0.0046 36 

g C kg-1 H2O yr-1. In terms of spatial characteristics, areas with a higher WUE were concentrated in 37 

central Sichuan and northeastern Yunnan. (2) There were also certain differences in the WUE for 38 

different vegetation types. The annual average WUE of each vegetation type decreased in the 39 

following order: evergreen coniferous forest> evergreen broad-leaved forest> mixed forest> 40 

deciduous broad-leaved forest> cultivated land> deciduous coniferous forest> grassland> cultivated 41 

land and natural vegetation> shrub forest. (3) The vegetation WUE of 70.66% in this area was 42 

positively correlated with temperature. Additionally, 79.68% of the vegetation WUE was negatively 43 

correlated with precipitation. The relative contribution rates of climate change and human activities 44 

to the change trend in WUE were 15% and 85%, respectively. These results provide scientific 45 

support for local vegetation restoration and protection policies. 46 

Key Words: WUE, climate change, human activity, Karst region of Southwest China 47 

 48 

1 Introduction 49 

The global carbon-water cycle system is affected by global warming to a certain extent. The 50 

carbon cycle refers to the phenomenon that carbon elements are affected by anthropogenic or natural 51 

factors during the exchange and migration in the various layers of the Earth and cyclically follow 52 

the Earth's movement (Cheng et al., 2017; Qiu et al., 2018). In terrestrial ecosystems, green 53 

vegetation mainly uses its own photosynthesis to absorb CO2 symbiotic from the atmosphere to 54 

sequester carbon and then participates in the global carbon cycle process where it plays an 55 

irreplaceable role (Baldocchi, 2008; Hofhansl et al., 2020). The carbon cycle and water cycle are 56 

interrelated and have multiple feedback mechanisms. Water use efficiency (WUE) refers to the dry 57 



 

 

matter mass produced by vegetation consumption per unit mass of water in the ecosystem; 58 

furthermore, it is one of the important indicators used to judge the degree of mutual influence of the 59 

carbon-water cycle system (Xue et al., 2015a). 60 

The southwest karst area is not only the largest contiguous karst area in China but also a typical 61 

ecologically fragile area (Lakshmi Kumar et al., 2016; Wang et al., 2021). The problem of the 62 

ecological environment seriously restricts economic development and the construction of ecological 63 

civilization in the southwest karst area. In recent years, the Chinese government has initiated a series 64 

of ecological restoration projects in response to frequent ecological and environmental problems, 65 

for example: returning farmland to forest (grass), closing hills for greening, substituting grain for 66 

food, individual contracting, etc. Although ecological restoration has progressed, ecological 67 

problems such as rocky desertification are still severe (Qi et al., 2013; Zhou et al., 2018). Therefore, 68 

exploring the ecosystem carbon-water cycle and its influencing factors in the southwest karst area 69 

is still a key issue in promoting ecological restoration in the southwest karst area. Moreover, 70 

investigating the temporal and spatial changes in WUE, the impact mechanism of climate change 71 

on WUE and the quantification of the relative contribution rate will help deepen our understanding 72 

of the geo-atmospheric system and terrestrial ecosystem in the southwest karst region, and the 73 

ecological civilization of the southwest karst region. The promotion of construction and economic 74 

development in this region is of great significance. 75 

There has been much domestic and foreign research about ecosystem WUE in recent years, 76 

and in different periods, the research objects, scales and methods of WUE have differed. Initial 77 

studies mostly focused on the leaf scale or individual level of vegetation, and the methods were 78 

mostly measurements and investigations (Condon et al., 2004). With the development of WUE, the 79 

research scale has developed to the canopy level, and the research methods are also commonly used 80 

in vorticity correlation techniques (Li et al., 2015). Small-scale WUE research is expensive and hard 81 

to implement in large areas. Therefore, simulation methods based on remote sensing models and 82 

satellite remote sensing data products have gradually developed and are widely used in large-scale 83 

WUE research. Ecosystem WUE changes are affected by climatic factors, and changes in climatic 84 

factors such as temperature and precipitation have different impacts on ecosystem WUE (Ahmadi 85 

et al., 2019). 86 

In summary, the current research on WUE is mostly focused on exploring the response of 87 



 

 

climate change to ecosystem WUE, and research on climate change in the ecologically fragile karst 88 

areas in southwestern China is relatively scarce. Climate change and vegetation factors are the main 89 

factors that affect ecosystem WUE. Therefore, clarifying the mechanism of their impact on the WUE 90 

of the ecosystem can provide a scientific basis for the construction of ecological civilization in the 91 

southwest karst region. We explored the spatiotemporal characteristics of WUE in the southwest 92 

karst region. The objectives were to (1) explore the spatial and temporal characteristics of WUE 93 

using long-term remote sensing dataset, and (2) analyze the influence of vegetation factors, climate 94 

change, and human activities on the spatial distribution pattern of WUE. This study evaluates the 95 

results of restoration projects and provides critical advice to the government to manage the 96 

ecologically fragile karst region. Moreover, it can help to better understand the carb cycle in the 97 

karst region and its driving factors. 98 

2 Materials and methods 99 

2.1 Data 100 

2.1.1 Study area 101 

The karst area of Southwest China is between 20°~35°N and 97°~118°E, which is the largest 102 

contiguous schist karst area in the country and one of the three continuous karst areas in the world, 103 

as shown in Fig. 1 (Jiang et al., 2014a; Wang et al., 2004). The region consists of 8 provinces (cities, 104 

autonomous regions): Sichuan, Chongqing, Hubei, Hunan, Yunnan, Guizhou, Guangxi, and 105 

Guangdong. The land area of the whole region is approximately 1,937,400 km2, accounting for 106 

20.09% of the country's land area, of which the karst area accounts for approximately 26.51% of 107 

the total area of the region (Cao et al., 2015; Jiang et al., 2014b). The average elevation of this area 108 

is 1283 m, the terrain slopes from northwest to southeast (Wang et al., 2018), and the climate is 109 

warm and humid in most areas, with rich vegetation types. 110 



 

 

 111 

Fig. 1 Geographical Location and Main Vegetation Distribution in Southwest Karst Region 112 

 113 

2.1.2 Data 114 

In this study, the Moderate-Resolution Imaging Spectroradiometer (MODIS) gross primary 115 

production (GPP) and evapotranspiration (ET) datasets from 2001 to 2017, with spatial resolutions 116 

of 500 m and temporal resolutions of 8 days, were adopted to calculate WUE. MODIS GPP provides 117 

a near real-time estimate of the global GPP, and verification based on the eddy covariance (EC) flux 118 

measurement method shows that it has a certain degree of reliability in China (Verma et al., 2014; 119 

Zhu et al., 2016). The algorithm used in MODIS ET products is based on the logic of the Penman-120 

Monteith equation and has been verified to have a relatively reliable accuracy. Thus, this method 121 

has been widely used in global and regional research (Mu et al., 2011; Mueller et al., 2011; Zhao et 122 

al., 2006). 123 

The MODIS normalized difference vegetation index (NDVI) datasets with a spatial resolution 124 

of 250 m and a temporal resolution of 16 days were provided by NASA Earth Data 125 

(https://earthdata.nasa.gov/), and the NDVI interannual data were synthesized using the commonly 126 

used maximum value composite (MVC) method. The land cover data were the MCD12Q1 data 127 

product from the NASA Earth Data, with a spatial resolution of 500 m. This study reclassified 17 128 

land use types into 9 planting coverage categories based on the international geosphere-biosphere 129 

programmer (IGBP) classification scheme, as shown in Fig. 1. Meteorological data mainly included 130 

temperature and precipitation. These datasets were developed by Peng et al. (Peng et al., 2019) 131 

https://earthdata.nasa.gov/


 

 

based on the Delta spatial downscaling scheme with a spatial resolution of 0.5', and were verified 132 

by using data with a reliable accuracy from 496 independent meteorological observation points. 133 

2.2 Methods 134 

2.2.1 Calculation of WUE 135 

This study used the calculation method of WUE based on GPP and ET, and the calculation 136 

formula is as follows: 137 WUE = GPP/ET (1) 

2.2.2 Trend analytical methods 138 

Trend analysis is a method to show the interannual variation of data and it has many calculation 139 

methods, including empirical mode decomposition (emd) and linear trend analysis. In this study, 140 

Theil-Sen was used as it is a robust, nonparametric statistical trend calculation method. This method 141 

has a high computational efficiency, is insensitive to measurement errors and outlier data, and is 142 

often used in trend analysis of long-term series data. 143 

Theil-Sen regression is a nonparametric slope estimation method (Liu et al., 2019). The Mann-144 

Kendall test is a nonparametric hypothesis test. Theil-Sen slope estimation combined with the 145 

Mann-Kendall test method provides reliable results for trend analysis and significance testing of 146 

long-term series data and has been commonly used in research fields such as vegetation remote 147 

sensing monitoring and meteorology (Wu et al., 2014). 148 

The slope calculation formula of Theil-Sen is as follows: 149 𝛽 = Median(𝑥𝑗 − 𝑥𝑖𝑗 − 𝑖 ) , ∀𝑗 > 𝑖 (2) 

where β represents the change trend of the time series, the positive and negative values of β 150 

represent the rises and falls of the time series, respectively, n is the number of elements in this time 151 

series and 0<i<j<n, and 
i

x  and 
j

x  represent the WUE values of the ith year and jth year, respectively. 152 

The process of the Mann-Kendall trend test method is as follows: For the time series 153 𝑋{ x1 , x2…xn}, the test statistic S is as follows: 154 

𝑆 = ∑ ∑ 𝑠𝑔𝑛(𝑥𝑗 − 𝑥𝑖)𝑛
𝑗=𝑖+1

𝑛−1
𝑖=1  (3) 



 

 

sgn(𝑥𝑗 − 𝑥𝑖) = { 1, 𝑥𝑗 − 𝑥𝑖 > 00, 𝑥𝑗 − 𝑥𝑖 = 0−1, 𝑥𝑗 − 𝑥𝑖 < 0 (4) 

Where 
i

x  and 
j

x  represent the WUE values of the ith year and jth year, respectively. 155 

The statistics of Mann-Kendall trend test are as follows: 156 

Z =
{  
  𝑆 − 1√VAR(𝑆) , 𝑆 > 00 , 𝑆 = 0𝑆 + 1√VAR(𝑆) , 𝑆 < 0 (5) 

VAR(𝑆) = (𝑛(𝑛 − 1)(2𝑛 + 5) −∑𝑡𝑖(𝑡𝑖 − 1)𝑚
𝑖=1 (2𝑡𝑖 + 5)) ∕ 18 (6) 

where 𝑛 is the number of elements in this time series, 𝑚 is the number of repeated data in this 157 

time series, and 𝑡𝑖 is the number of duplicates in group 𝑖. For a given significance level of 𝛼 (0.05), 158 

if the value of |Z| > 𝑍1−𝛼2, it means the increasing or decreasing trend of the time series is significant; 159 

otherwise, the variation trend is statistically insignificant. 160 

2.2.3 Hurst exponent 161 

The Hurst exponent based on rescaled range analysis (R/S) is usually used to judge the 162 

sustainability of a time series. At present, the index has been widely used in various research fields, 163 

such as meteorological research and vegetation monitoring (Xu et al., 2018). The Hurst exponent is 164 

referred to as the "index of dependence" or "index of long-range dependence". It quantifies the 165 

relative tendency of a time series either to regress strongly to the mean or to cluster in a certain 166 

direction. This study uses this index to analyze the sustainability of future change trends of the 167 

vegetation WUE in the southwest karst area. The major procedure used to calculate the Hurst 168 

exponent in this study was as follows (Jiang et al., 2015): 169 

(1) Obtain the annual average WUE time series: 170 WUE(𝑡), 𝑡 = 1,2,⋯ , 𝑛 (7) 

Where t is the number of elements in this time series, 0<t<n. 171 

(2) Calculate the average WUE over the time range: 172 〈WUE〉𝜏 = 1𝜏∑WUE(𝑡)𝜏
𝑡=1    𝜏 = 1,2, ⋯ , 𝑛 (8) 

(3) Calculate the accumulated deviation of WUE over the time range: 173 



 

 

𝑋(𝑡,𝜏) =∑(WUE(𝑡) − 〈WUE〉𝜏)𝑡
𝑡=1    1 ≤ 𝑡 ≤ 𝜏 (9) 

(4) Create the range sequence 𝑅(𝜏): 174 𝑅(𝜏) = max1≤𝑡≤𝜏𝑋(𝑡,𝜏) − min1≤𝑡≤𝜏𝑋(𝑡,𝜏)     𝜏 = 1,2, ⋯ , 𝑛 (10) 

(5) Create the standard deviation sequence 𝑆(𝜏): 175 

𝑆(𝜏) = [1𝜏∑(WUE(𝑡) − 〈WUE〉𝜏)2𝜏
𝑡=1 ]12     𝜏 = 1,2,⋯ , 𝑛 (11) 

(6) Calculate the Hurst exponent: 176 𝑅(𝜏)𝑆(𝜏) = (𝑐𝜏)𝐻 (12) 

where H is the Hurst exponent; when 0 < H < 0.5, the time series has a trend of anti-continuity 177 

in the future, and when 0.5 < H < 1, the time series has positive sustainability. 178 

2.2.4 Correlation analysis 179 

Correlation analysis refers to the statistical analysis of two or more variable elements that have 180 

a certain correlation to judge the close degree of correlation between variables (Tong et al., 2016). 181 

In this study, we used Person’s correlation coefficient to measure the correlation between WUE and 182 

climate factors, which was matched with continuous data and a linear relationship. 183 

The calculation formula of the correlation coefficient is as follows: 184 

𝑅𝑥𝑦 = ∑ (𝑥𝑖 − �̅�)(𝑦𝑖 − �̅�)𝑛𝑖=1√∑ (𝑥𝑖 − �̅�)2𝑛𝑖=1 √∑ (𝑦𝑖 − �̅�)2𝑛𝑖=1  (13) 

Where x represents the WUE, 𝑦 is the climate factor (precipitation or temperature), 𝑛 is the 185 

number of samples, and ,x y   are the mean values of the WUE and climate factor for n years, 186 

respectively. 187 

t-test was adopted as follows: 188 1 = 𝑅𝑥𝑦√𝑛 − 21 − 𝑅𝑥𝑦2  (14) 

where Rxy is the Pearson coefficient. When Rxy < 0, the correlation is negative; otherwise, it 189 

is positive. 190 

2.2.5 Residual analysis 191 



 

 

The residual analysis method is used to quantify the impact of influencing factors on WUE, 192 

and the method has been widely used in remote sensing applications and other research fields. The 193 

influence of climatic factors and human activities on the water use efficiency of vegetation in the 194 

southwest karst area is distinguished. In this paper, the residual analysis method is used to quantify 195 

the influence of these two factors on water use efficiency. The calculation formula of the residual 196 

analysis is as follows: 197 𝑊𝑈𝐸ℎ𝑢𝑚𝑎𝑛 = 𝑊𝑈𝐸𝑜𝑏𝑠 − 𝑊𝑈𝐸𝑝𝑟𝑒 (15) 𝑊𝑈𝐸𝑝𝑟𝑒 = 𝑎 ∗ 𝑇𝑒𝑚 + 𝑏 ∗ 𝑃𝑟𝑒 + 𝑐 (16) 

where WUEhuman  is the water use efficiency caused by human activities; WUEobs  is the 198 

observed water use efficiency, that is, the water use efficiency calculated by GPP and ET; WUEpre 199 

is the water use efficiency simulated by the WUE climate regression model; Tem and Pre are the 200 

average annual temperature and annual precipitation, respectively; and a, b, and c are the 201 

coefficients of the WUE climate regression model. 202 

2.2.6 Relative contribution rate 203 

This study classified the WUE change trend degree under the influence of climate factors and 204 

human activities (Table 1). The relative contribution of factors influencing WUE in the southwest 205 

karst area was calculated (Table 2). 206 

Table 1 Impact grading of climatic factors and human activities on WUE in karst areas of 207 

Southwest China 208 

S (WUE)* Level 

< -0.015 Significant inhibition 

-0.015 ~ -0.010 Moderate inhibition 

-0.010 ~ -0.005 Slight inhibition 

-0.005 ~ 0.005 Almost no effect 

0.005 ~ 0.010 Slight promotion 

0.010 ~ 0.015 Moderate promotion 

> 0.015 Significant promotion 

where S (WUE)* represents the degree of trend of WUE change under the influence of climate 209 

factors or human activities, namely, S(WUEPre) and S(WUEhuman). 210 

Table 2 The influencing factors of WUE and the calculation standard of the relative contribution 211 

rate in the karst area of Southwest China 212 S(WUEobs) Influencing factor trend Relative contribution rate of influencing factors S(WUEpre) S(WUEhuman) Pre Human activities 

> 0 

> 0 > 0 
S(WUEpre)S(WUEobs) S(WUEhuman)S(WUEobs)  

> 0 < 0 100 0 

< 0 > 0 0 100 



 

 

< 0 

< 0 < 0 
S(WUEpre)S(WUEobs) slope(WUEhuman)slope(WUEobs)  

< 0 > 0 100 0 

> 0 < 0 0 100 

 213 

 214 

3. Results 215 

3.1 Spatial distribution characteristics of WUE 216 

3.1.1 Spatial distribution of WUE 217 

Fig. 2 demonstrates that there are large spatial heterogeneities for WUE. As the WUE is 218 

affected by both GPP and ET, it is essential to show the spatial distributions of GPP and ET. The 219 

average annual GPP from 2001 to 2017 showed a decreasing trend from east to west and from south 220 

to north; furthermore, the average annual ET from 2001 to 2017 showed a decreasing trend from 221 

southeast to northwest, as shown in Fig. 3. The average annual WUE of the southwest terrestrial 222 

ecosystem from 2001 to 2017 was 1.43 g C kg-1 H2O, and the value range was 0–3.43 g C kg-1 H2O. 223 

The high value of WUE in the southwest karst region was mainly distributed in Yunnan Province, 224 

parts of Guangdong Province, northwestern Hubei Province, and northeastern Sichuan Province; 225 

the low-value areas were concentrated in western Sichuan Province. The average annual GPP was 226 

1059.84 g C m-2 yr-1, and the value range was 0~2938.22 g C m-2 yr-1. The average annual ET of the 227 

southwest terrestrial ecosystem was 733.18 mm yr-1, and the value range was 0~1761.76 mm yr-1. 228 



 

 

 229 

Fig. 2 Spatial distribution of annual mean WUE vegetation ecosystem in the karst regions of 230 

Southwest China from 2001 to 2017 (g C kg-1 H2O yr-1) 231 

 232 

 233 

Fig. 3 Spatial distribution of annual mean GPP (a) (g C m-2 yr-1) and ET (b) (mm yr-1) in the karst 234 

regions vegetation ecosystem of Southwest China during 2001~2017 235 

 236 

3.1.2 WUE variations in different vegetation covers 237 



 

 

Due to the differences in carbon sequestration and water consumption, different vegetation 238 

types also have certain differences in WUE. The annual average WUE of evergreen coniferous 239 

forests was the highest from 2001~2017, reaching 1.73 g C kg-1 H2O, as shown in Fig. 4. The annual 240 

average WUE of evergreen broad-leaved forest was approximately 1.70 g C kg-1 H2O, and its annual 241 

average GPP and annual average ET values were both the highest, with values of 1854.50 g C m-2 242 

yr-1 and 1026.91 mm yr-1, respectively. The annual average WUE of shrubs was the lowest, at only 243 

1.25 g C kg-1 H2O. The annual average GPP and annual average ET were 634.35 g C m-2 yr-1 and 244 

511.11 mm yr-1, respectively. From 2001 to 2017, the annual average WUE of each vegetation type 245 

decreased in the order of evergreen coniferous forest (1.73 g C kg-1 H2O)> evergreen broad-leaved 246 

forest (1.70 g C kg-1 H2O)> mixed forest (1.54 g C kg-1 H2O)> deciduous broad-leaved forest (1.45 247 

g C kg-1 H2O)> cultivated land (1.42 g C kg-1 H2O)> deciduous coniferous forest (1.35 g C kg-1 248 

H2O)> grassland (1.32 g C kg-1 H2O)> cultivated land and natural vegetation (1.30 g C kg-1 H2O)> 249 

shrub forest (1.25 g C kg-1 H2O). 250 

 251 

Fig. 4 Annual WUE annual GPP and annual ET of different vegetation types during 2001~2017 252 

(ENF: evergreen coniferous forest, EBF: evergreen broad-leaved forest, DNF: deciduous 253 

coniferous forest, DBF: deciduous broad-leaved forest, MF: mixed forest, SHR: shrub, GRA: 254 

grassland, CRO: arable land, NAV: arable land and natural vegetation) 255 

 256 



 

 

3.2 Interannual change trend of WUE 257 

3.2.1 Temporal variation in WUE  258 

The interannual variation in the WUE of the terrestrial ecosystem in the southwest karst region 259 

fluctuated greatly, ranging from 1.33 to 1.51 g C kg-1 H2O, and the multiyear average was 1.43 C 260 

kg-1 H2O. The WUE in the southwestern karst region from 2001 to 2017 generally decreased, while 261 

the GPP and ET both increased (S1). However, the relatively increasing trends of GPP were slightly 262 

lower than those of ET, causing the WUE to have an overall downward trend. From 2001 to 2017, 263 

the GPP fluctuated between 978.48 and 1162.54 g C m-2 yr-1, and the multiyear average value was 264 

1059.54 g C m-2 yr-1. The range of ET varied from 654.51 to 822.22 mm yr-1, and the multiyear 265 

average value was 733.18 mm yr-1. 266 

There were certain spatial differences in the annual average WUE from 2001 to 2017 in the 267 

southwest karst region, showing an overall decrease and a partial increase (Fig. 5). Areas with a 268 

significantly higher WUE were concentrated in central Sichuan and northeastern Yunnan, and most 269 

of the remaining areas showed a decreasing trend. This result was mainly due to the increase in GPP 270 

in central Sichuan and northeastern Yunnan but the decrease in some other areas and the increase in 271 

ET in most parts of the southwest (Fig. 6). From 2001 to 2017, the rate of change of WUE in 272 

Southwest China was between -0.13 and 0.12 g C kg-1 H2O yr-1, and the average rate of change was 273 

close to zero, with a value of -0.0046 g C kg-1 H2O yr-1 (Fig. 5). The change trend of WUE was 274 

related to the change trend of GPP and ET. The range of GPP in the southwest karst region from 275 

2001 to 2017 was -123.86~151.73 g C m-2 yr-1, and the average rate of change was 7.13 g C m-2 yr-276 

1 (Fig. 6a). In the past 17 years, ET in the southwestern karst region has shown an upward trend 277 

overall, with a rate of change ranging from -55.86 to 107.42 mm yr-1 and an average rate of change 278 

of 7.59 mm yr-1, which was slightly greater than the growth rate of GPP (Fig. 6b). 279 



 

 

.  280 

Fig. 5 Annual mean WUE change rate in the karst regions of Southwest China from 2001 to 2017 281 

(g C kg-1 H2O yr-1) 282 

 283 

Fig. 6 Trends of annual average GPP (a) (g C m-2 yr-1) and ET (b) (mm yr-1) in the karst regions of 284 

Southwest China from 2001 to 2017 285 

Table 3 shows that the trend analysis method of Sen+Mann-Kendall was used to calculate the 286 

change trends of WUE, GPP and ET in the southwest karst region from 2001 to 2017. From 2001 287 

to 2017, 71.59% of the regional WUE in the southwest karst region showed a downward trend (Fig. 288 

7). Of this area, 11.24% of the region showed a significant decline, mainly distributed in Guangdong, 289 



 

 

Guangxi, western Yunnan and eastern Sichuan. The area of increase accounted for 28.41% of the 290 

southwest karst area, of which only 1.87% of the area passed the significance test and was mainly 291 

distributed in northeastern Yunnan, southern Sichuan, and western Guizhou. In the past 17 years, 292 

both GPP and ET in the southwestern karst region have shown an overall upward trend and a partial 293 

downward trend. A total of 83.61% of the GPP in the southwest karst region showed an upward 294 

trend, and only 1.29% showed a significant downward trend. For ET, 95.6% of the southwest karst 295 

area showed an upward trend, and only 0.2% of the area showed a significant decline. 296 

Table. 3 Trend analysis of annual mean WUE, GPP, and ET in the karst regions of Southwest 297 

China in 2001 and 2017 298 

  WUE GPP ET 

Trend Degree Percent/% Percent/% Percent/% β < 0, |Z| > 1.96 Significant Degradation 11.24 1.29 0.20 β ≤ 0, |Z| ≤ 1.96 Slight Degradation 60.35 15.10 4.20 β ≥ 0, |Z| ≤ 1.96 Slight Improvement 26.54 52.44 36.75 β > 0, |Z| > 1.96 Significant Improvement 1.87 31.17 58.85 

To reveal changes in trends and the sustainability of vegetation, the results obtained using 299 

Theil-Sen trend analysis and the Mann-Kendall trend test were superimposed with the Hurst index 300 

results to generate coupled information about trend changes and sustainability (Fig. 7). The coupled 301 

results were divided into 5 categories: (1) sustainable and significant decrease, (2) sustainable and 302 

slight decrease, (3) sustainable and slight growth, (4) sustainable and significant growth, and (5) 303 

uncertain changes. From 2001 to 2017, WUE had a sustainable and significant growth area 304 

accounting for 1.87%, a sustainable and slight growth area accounting for 23.16%, a sustainable 305 

and slight decline area accounting for 50.35%, and a sustainable and significant decline area 306 

accounting for 11.07%. In addition, 13.55% of the regional change trend was uncertain. 307 



 

 

 
 

Fig. 7 The significance analysis (a) and sustainability characteristics (b) of the annual average 
WUE change trend in the karst regions of Southwest China from 2001 to 2017 

3.2.2 WUE variations in different vegetation cover 308 

From 2001 to 2017, the average annual WUE of most vegetation types showed a downward 309 

trend (Fig. 8). The declines in evergreen broad-leaved forest and shrub forest were the most obvious, 310 

reaching a significance level of 0.05, with decline rates of -0.0115 g C kg-1 H2O yr-1 and -0.0129 g 311 

C kg-1 H2O yr-1, respectively. In contrast, deciduous coniferous forests showed a significant upward 312 

trend in the past 17 years (P<0.05), with a rate of increase of 0.0220 g C kg-1 H2O yr-1. Evergreen 313 

coniferous forests, deciduous broad-leaved forests, mixed forests, cultivated land, and cultivated 314 

land and natural vegetation showed a downward trend in annual average WUE in the past 17 years, 315 

but the downward trend was not significant (P>0.05). 316 

 317 



 

 

 318 

Fig. 8 Trends of annual average WUE of different vegetation types in the karst regions of 319 

Southwest China during 2001~2017 (ENF: evergreen coniferous forest, EBF: evergreen broad-320 

leaved forest, DNF: deciduous coniferous forest, DBF: deciduous broad-leaved forest, MF: mixed 321 

forest, SHR: shrub, GRA: grassland, CRO: arable land, NAV: arable land and natural vegetation) 322 

3.3 The influence of temperature and precipitation on the WUE trend 323 

Temperature and precipitation, as the main climatic factors, have an important impact on the 324 

spatial distribution of vegetation WUE. Therefore, the average annual temperature and annual 325 

precipitation were selected to evaluate the impact of climate change on the WUE changes in the 326 

terrestrial ecosystem in the southwest karst region from 2001 to 2017. The vegetation WUE of 70.66% 327 

(as shown in Table 4) of the southwest karst area was positively correlated with temperature, and it 328 

was mainly distributed in the northwestern part of the southwest karst area. Fig. 9 and S2 show the 329 

partial correlation coefficient and its significance test of the annual temperature and precipitation 330 

and the average annual WUE in the southwest karst region from 2001 to 2017, respectively, and the 331 

proportion of areas where vegetation WUE was negatively correlated with precipitation accounted 332 

for 79.68% (as shown in Table 4). In the humid southwest karst region, precipitation was usually 333 

not the main limiting factor affecting vegetation growth. 334 

 335 



 

 

Table 4 Partial correlation coefficient and significance test 336 

Climatic 
factors 

Extremely 
Significant 
Positive 
Correlation 

Significant 
Positive 
Correlation 

Insignificant 
Positive 
Correlation 

Insignificant 
Negative 

Correlation 

Significant 
Negative 

Correlation 

Extremely 

Significant 
Negative 

Correlation 

Tempera
ture 

1.45% 4.93% 64.28% 28.92% 0.37% 0.05% 

Precipita
tion 

0.05% 0.25% 20.02% 64.49 9.38% 5.81% 

 337 

  338 

  

Fig.9 Partial correlation coefficient between annual mean temperature (a), precipitation (b) and 

annual mean WUE from 2001 to 2017 

 339 

3.4 The influence of vegetation on the WUE trend 340 

In addition to the effects of temperature and precipitation, the NDVI is an important factor 341 

affecting the temporal and spatial distribution of WUE. In most areas, the annual average WUE and 342 

the annual average NDVI were positively correlated, and only in the northeastern and southwestern 343 

karst regions of southwestern China was there a certain degree of negative correlation. From 2001 344 

to 2017, the areas with a positive correlation between the annual average WUE and the average 345 

annual NDVI in the southwest karst region accounted for 73.26% of the entire southwest karst 346 

region, of which 14.84% of the regions passed the significance test, and 5.84% of the regions 347 

reached a significance level of 0.01. However, the average annual WUE and the annual average 348 

NDVI were negatively correlated, and the area that passed the significance test accounted for only 349 

1.05% of the entire study area. In areas with relatively low vegetation coverage, the increase in the 350 



 

 

NDVI was beneficial in promoting the carbon sequestration of vegetation, and the increase in the 351 

NDVI may cause a decrease in soil evaporation, which in turn leads to a decrease in ET and an 352 

increase in WUE. Therefore, the average annual WUE was positively correlated with the average 353 

annual NDVI. For example, the vegetation coverage in central Sichuan and northeastern Yunnan 354 

was relatively low, so the increase in the NDVI contributed to the increase in WUE, and the annual 355 

average WUE and the annual average NDVI were extremely significantly positively correlated with 356 

a significance level of 0.01. 357 

4 Discussion 358 

4.1 Spatial and temporal variation analysis 359 

At this study’s time scale, the WUE showed a downward trend in the southwest karst region, 360 

and at its spatial scale, high WUE values were mainly distributed in Yunnan Province, parts of 361 

Guangdong Province, northwestern Hubei Province, and northeastern Sichuan Province, while low-362 

value areas were concentrated in western Sichuan Province. The study by Liu et al. (Liu et al., 2015) 363 

showed that WUE in southern China showed a downward trend from 2000 to 2011, which confirmed 364 

the results of this study. The results of this study were also consistent with those in arid and semi-365 

arid regions with a high ecosystem water use efficiency (Bai et al., 2020). Ding et al. (Ding et al., 366 

2021) found that the annual average WUE in the karst area showed a significant increasing trend 367 

from 2001 to 2015. Their selected study area was part of the southwest karst area, which is different 368 

from this study area, which indicates that the karst area is widely distributed and has large temporal 369 

and spatial differences. Peng et al. (Peng et al., 2021) found that from 2000 to 2014, the 70% water 370 

use efficiency of the study area showed an upward trend, and the water use efficiency of a few areas 371 

in northeastern Guizhou and southwestern Yunnan decreased, accounting for 35.4% of the entire 372 

study area. This was mainly due to the different years of the studies. This study showed that WUE 373 

fluctuated before 2014 and had no obvious downward trend. After 2014, the water use efficiency in 374 

the southwest karst area decreased significantly. The comparison results showed that the WUE of 375 

different karst landform areas was quite different, which indicates that the geological and landform 376 

features of the karst area are complex, resulting in some differences in the WUE results. 377 



 

 

 378 

4.2 The relative contribution rate of climate change and human activities to WUE 379 

changes 380 

In this study, the effects of natural driving factors (precipitation, temperature) and 381 

anthropogenic driving factors on WUE were mainly explored. The results showed that the annual 382 

average WUE in most areas of Southwest China was positively correlated with the annual average 383 

temperature and negatively correlated with the annual average precipitation. In general, both climate 384 

change and human activities played an inhibitory role in the WUE changes in most areas of 385 

Southwest China, among which human activities played a leading role. The studies by Li et al. (Li 386 

et al., 2018; Xiao et al., 2013) and Xiao et al. (Li et al., 2018; Xiao et al., 2013) confirmed that WUE 387 

exhibited a positive sensitivity to temperature. Xue et al. (Xue et al., 2015b) found that WUE was 388 

positively correlated with precipitation, which may be due to the fact that their study area was 389 

nationwide, while the climate in karst areas is relatively humid and precipitation is not the main 390 

factor affecting vegetation growth. Under abundant rainfall conditions, soil erosion is more serious, 391 

which is not conducive to vegetation growth, resulting in a negative correlation between WUE and 392 

precipitation (Xue et al., 2015b). Liu et al. (Liu et al., 2015) suggested that WUE was positively 393 

correlated with drought. Huang et al. (Huang et al., 2017) suggested that the WUE in humid 394 

ecosystems showed both positive and negative response to drought. Various studies have shown that 395 

there is a complex relationship between WUE and precipitation. However, there is rocky 396 

desertification in the karst area of Southwest China, which often causes a coexistence of water 397 

shortages and heavy rains. The influence of climate characteristics such as precipitation and 398 

temperature on WUE is obviously differentiated. 399 

In this study, human activities are considered to be negatively correlated with WUE in the 400 

southwestern karst region. Human activities are mainly divided into two parts. One part relates to 401 

restoration and ecological projects such as returning farmland to forests and grasslands. The other 402 

part relates to expansion. With the continuous acceleration of urbanization, the vegetation coverage 403 

rate has been reduced and the ecological balance has been destroyed. The results of Ding et al.'s 404 

(Ding et al., 2021) study showed that with the implementation of ecological restoration projects in 405 

the selected study area, WUE showed a significant upward trend. The results of this study showed 406 



 

 

that WUE was negatively correlated with human activities, which may be due to the rapid economic 407 

development, accelerated urbanization, and significant urban expansion in southwestern China from 408 

2001 to 2017 (Liu et al., 2014). Due to the complexity of human activities, it is difficult to describe 409 

the relationship between them and WUE with a simple correlation analysis. 410 

 411 

4.3 Future perspectives and limitations 412 

Due to the numerous factors that affect the spatial change of WUE and the complicated process, 413 

there are still some problems and deficiencies in this research, which need to be further improved 414 

and discussed in future research. (1) Many different remote sensing satellite datasets were used in 415 

this study, and there was a problem of a temporal and spatial resolution mismatch between different 416 

data sources. Although this paper unified the data resolution of the research data, which reduced the 417 

impact of the data scale mismatch to a certain extent, it will inevitably still produce certain errors 418 

and have a certain influence on the research results. (2) There are many factors that affect the WUE 419 

of terrestrial ecosystems. In addition to the factors mentioned in this article, topography, soil type, 420 

relative humidity, extreme climate and other factors should be considered. In addition, some major 421 

national policies affect the WUE of vegetation in local areas. In follow-up research, these 422 

influencing factors should also be taken into consideration. 423 

5 Conclusion 424 

The ecosystem in the southwest karst region is fragile, natural areas are fragmented, and floods 425 

and droughts occur frequently, resulting in poor vegetation growth and a decline in vegetation 426 

coverage compared with other ecological regions. WUE is used as a measure of the response of 427 

terrestrial vegetation to water availability. We conducted a long-term series analysis of the water use 428 

efficiency in the southwestern karst area. The study showed that there were obvious spatial 429 

differences in the spatial distribution of WUE in the southwest karst region during 2001-2017, and 430 

the overall trend was decreasing. There were also certain differences in the WUE of different 431 

vegetation types, and the annual average WUE of most vegetation types showed a downward trend. 432 

In terms of influencing factors, the annual average WUE in most areas of southwest China was 433 

positively correlated with the annual average temperature and negatively correlated with the annual 434 



 

 

average precipitation. Human activities and climate change were both important factors affecting 435 

the WUE, and studies have shown that compared with climate factors, human activities play a 436 

dominant role in WUE changes in the southwest karst region. This study can provide important 437 

theoretical support for future research on ecological restoration in the southwest karst area. 438 
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