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Abstract

:

The Northwestern Sichuan Plateau, characterised by complex topography, is located on the northeastern edge of the Tibetan Plateau where ecosystems are rapidly changing in response to climate change. However, the spatiotemporal characteristics of water use efficiency (WUE) and its response to climate change remain unclear, especially different responses to changes in climate mean and extremes. In this study, we found that the seasonal variation of WUE for different types of vegetation demonstrates a “unimodal” pattern, with high values during May to September. The variation of WUE is largely dependent on altitude. The annual WUE showed an overall increasing trend from 2001 to 2021 for most types of vegetation, while a decreasing trend was found for wetland, and grassland had a stronger adaptability to altitude and climate change. Mean climatic variables exerted stronger impacts on WUE than climate extremes, and mean temperature change had a stronger impact on WUE than precipitation. However, the synergistic effects of climate extremes and mean climate exerted significant impacts on WUE, with extreme cold events and mean precipitation events generally being unfavourable for an increase in WUE. The WUE of cropland and forest land demonstrated more sensitive responses to climate extremes than other types. The response of the same type of vegetation to climate extremes has obvious regional heterogeneity. However, the diurnal range of temperature, the length of the growing season, and the persistent humidity index had significant influences on the change of WUE for the entire region.
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1. Introduction


Vegetation plays a crucial role in terrestrial ecosystems as it is the primary source of productivity. It serves as a significant indicator of global climate change [1,2]. On one hand, vegetation releases water into the atmosphere through transpiration; on the other hand, it absorbs atmospheric carbon dioxide through photosynthesis, converting it into organic carbon and storing it inside [3]. These coupling relationships between the carbon and water cycles of ecosystems are commonly described as water use efficiency (WUE) [4,5]. However, the definition of WUE may vary depending on the specific focus and purpose of research. At the ecosystem level, WUE refers to the quantity of dry matter produced per unit of water consumed by the ecosystem [6,7]. This measure is often expressed as the ratio between the gross primary productivity (GPP) and evapotranspiration (ET) of the ecosystem [8,9]. WUE serves as a vital indicator for the terrestrial carbon–water cycle [6,10], and it is used to assess the sensitivity and response of ecosystems to climate change [11,12].



Previous studies reported that the spatial heterogeneity in WUE is high [13]. The WUE predominantly increased in high-latitude regions and decreased in low-latitude regions from 1982 to 2008 [14]. As for China, Zhang et al. [15] identified that the WUE was high in southeastern China between 1951 and 2000, whereas it was low in northwestern China. The WUE also showed large variations in the same region for different types of vegetation. Tang et al. [16] compared global flux network and MODIS data and discovered that, at the same latitude, forest land showed the highest WUE, followed by farmland, while grassland demonstrated the lowest WUE. Xiao et al. [17] reported that forest and cultivated land demonstrated higher WUE values compared to grassland in China. These studies indicated that WUE had strong temporal and spatial variations and exhibited diversity for different types of vegetation.



Climate is an important driver for temporal and spatial variations of WUE. Mu et al. [18] estimated the global WUE from 2000 to 2010 and concluded that the WUE in warm, low-latitude regions negatively correlates with temperature and vapour pressure deficit during the plant growth season, and positively correlates with the drought index. Zhou et al. [19] investigated WUE in alpine and subalpine areas of southwestern China and found that the WUE in most areas correlates positively with temperature, but negatively with precipitation. Zhang et al. [20] also highlighted that WUE is more significantly affected by temperature than precipitation in Yunnan Province, southwestern China. Generally, WUE showed different responses to different climatic factors and these responses varied across regions.



The Northwestern Sichuan Plateau (NSP), located on the northeastern edge of the Tibetan Plateau, plays a crucial role as an ecological barrier and water conservation area in the upper reaches of the Yangtze River and the Yellow River, and is also considered ecologically fragile and sensitive to climate change [21,22]. Gaining an in-depth understanding of WUE and its changing patterns is of great importance; it not only helps enhance the ability to predict and mitigate the adverse impacts of climate change on the ecosystem, but also promotes the healthy development of the ecological environment. However, there are a limited number of studies on the response of WUE in the NSP to local climatic factors [19,23], with most of them focusing on the relationship between WUE, mean annual temperature, and annual precipitation, while neglecting the investigation of the WUE response to extreme climatic variables. Yet, the impact of extreme climatic variables on the ecological environment is more direct and severe compared to average climate conditions [24]. In recent years, the terrestrial ecosystem of the NSP has been significantly influenced by climate changes [25]. Exploring the contributions of extreme climatic variables to WUE variations in comparison to mean climatic factors remains an unaddressed research gap. Therefore, building upon existing research, this study analyses the spatiotemporal changes in the GPP, ET, and WUE of different types of vegetation in the NSP. Additionally, it evaluates the response of WUE to both mean and extreme climatic variables, aiming to provide valuable insights for the rational planning of regional water resources and the promotion of environmentally sustainable development.




2. Data Sources and Research Methods


2.1. Overview of Study Area


The NSP (97°22′–104°27′ E and 27°57′–34°21′ N) is located on the southeastern edge of the Qinghai–Tibet Plateau. It encompasses 31 counties within the Aba Tibetan–Qiang Autonomous Prefecture and the Garzê Tibetan Autonomous Prefecture in Sichuan Province, with a total area of approximately 237,000 square kilometres. The region exhibits significant variations in altitude, with the average altitude exceeding 3000 m (Figure 1a). It is characterised by a climate featuring cold winters, cool summers, distinct dry and wet seasons, intense radiation, and ample sunshine. The region’s distinctive topography and climate give rise to a rich variety of vegetation types. As one traverses from the valleys to the mountain peaks, a sequence of subtropical, temperate, and frigid vegetation types unfolds, encompassing forests, grasslands, shrubs, farmland, lakes, marshes, deserts, and glaciers, among others, which intermingle with one another [25].




2.2. Data Sources and Preprocessing


The remote sensing data used in this study were obtained from the 6th version of the GPP (MOD17A2H) and ET (MOD16A2GF) products released by the National Aeronautics and Space Administration (NASA) of the United States (http://search.earthdata.nasa.gov/search; accessed on 20 February 2022). The spatial resolution of the data is 500 metres, with an 8-day temporal resolution covering the period from 2001 to 2021. The preprocessing of the remote sensing data involved format conversion, reprojection, composite clipping, and resampling using the HDF-EOS to GeoTIFF Conversion (HEG) tool. The 8-day composite data were transformed into monthly composites using weighted averaging.



Meteorological data were obtained from the Sichuan Meteorological Observation Data Center, including 31 operational meteorological stations in the NSP maintained by the local meteorological administration, covering the period from 2001 to 2021. The meteorological variables included daily accumulated precipitation, daily mean temperature, daily maximum temperature, and daily minimum temperature. The meteorological data are of high quality and were spatially interpolated using the Inverse Distance Weighting (IDW) method in ArcGIS 10.1 to match the spatial reference and resolution of the remote sensing data.



The World Meteorological Organization (WMO) Expert Group on Climate Change Detection and Indicators (ETCCDMI) proposed 27 extreme climate indices. In this study, only six widely used extreme temperature indices and six extreme precipitation indices (see Table 1 for details) were selected to explore the response of WUE to extreme climate events from intensity, frequency, and duration. These indices are calculated by daily temperature and precipitation data through the RClimDex1.0 program, which are developed by the Climate Research Branch Meteorological Service of Canada (Toronto, ON, Canada).



The land surface classification data were produced and released by the Ministry of Natural Resources of China in 2020, including 10 land cover types, with a resolution of 30 m (http://globeland30.org; accessed on 11 May 2021). This study focused on cropland, forest land, grassland, shrubland, and wetland (Figure 1b). The digital elevation model (DEM) data were taken from the National Meteorological Information Center of China, with a resolution of 1:250,000.




2.3. Research Methods


2.3.1. Calculation of WUE


The calculation of WUE in this study used the ecosystem WUE method, which is expressed as the ratio of GPP to ET:


WUE = GPP/ET



(1)




where WUE represents the water use efficiency in units of g·m−2·mm−1, GPP represents gross primary productivity in units of g C·m−2, and ET represents evapotranspiration in units of mm. The GPP and ET are directly derived from MOD17A2H and MOD16A2GF, respectively. A higher WUE value indicates greater water use efficiency, representing the amount of biomass synthesised per unit of water consumed.




2.3.2. Hurst Exponent


The Hurst exponent is an effective method for describing self-similarity and long-term dependence. In this study, the Hurst exponent (H) based on the rescaled range (R/S) analysis method [26] was used to predict the trend of WUE.




2.3.3. Geographical Detector


To analyse the influence of different meteorological factors on WUE, the geographical detector was utilised to detect the factors and their interactions. The strength of the influence on WUE was measured by the q value, ranging from 0 to 1. A larger q value indicates a stronger influence of the evaluation index on WUE, while a smaller q value indicates a weaker influence. According to the interactions among the evaluation indices and value of q, the influences of valuation indices on WUE are categorised to nonlinear weaken, one-factor nonlinear weaken, dual-factor enhancement, nonlinear enhancement, and independent. For detailed information, refer to [25].




2.3.4. Other Methods


Pearson correlation coefficient analysis was used to analyse the response of WUE to different extreme climate indices [27]. Trend analysis [25] was included to fit the long-term trend of WUE, where a positive slope of the fitted equation represents an increasing trend and a negative slope indicates a decreasing trend. The significance of the trend was tested using the significance test table for correlation coefficients.






3. Results and Analysis


3.1. Spatiotemporal Evolution of GPP/ET/WUE in the Northwestern Sichuan Plateau


3.1.1. Temporal Variation


Figure 2a shows monthly GPP, ET, and WUE. It was found that the annual variation of GPP, ET, and WUE showed a similar “unimodal” curve. GPP and WUE showed a similar pattern, reaching their peaks in July and August. GPP reached its highest value in July, while the maximum WUE occurred in July and August. The peak of ET appeared in September. Low temperatures from November to March did not meet the conditions for photosynthesis, resulting in low GPP values and minimal plant transpiration. On the other hand, the ET values were relatively high during the same period due to soil evaporation, leading to the lowest WUE values ranging from 0 to 0.25 g·m−2·mm−1. From April to August, with increasing temperatures, precipitation, and solar radiation, favourable conditions for vegetation growth were present, resulting in a rapid increase in GPP and ET. The increase in GPP was particularly obvious, and the WUE values also increased rapidly. In September and October, as precipitation decreased and temperatures dropped, both the photosynthetic and transpiration capacities of the vegetation decreased, and vegetation growth entered a decay stage. During the growing season (May to September), the WUE values were relatively high, ranging from 0.94 to 1.66 g·m−2·mm−1.



As shown in Figure 2b, the average GPP in the NSP from 2001 to 2021 was 548.12 g C·m−2 and exhibit large interannual variability. The peak value occurred in 2013 at 607.78 g C·m−2, while the lowest value was recorded in 2004 at 488.43 g C·m−2. The GPP showed an increasing trend (p < 0.001). The average ET was 583.51 mm, with the peak occurring in 2020 (621.88 mm) and the trough in 2004 (536.07 mm). ET also demonstrated a significant upward trend. The average WUE was 0.77 g·m−2·mm−1, with the maximum value of 1.02 g·m−2·mm−1 observed in 2021 and the minimum value of 0.70 g·m−2·mm−1 recorded in 2005. This is a small increase in WUE.




3.1.2. Spatial Distribution


The GPP, ET, and WUE in the NSP showed significant spatial variations (Figure 3). The GPP generally increases from northwest to east. The high-value areas were mainly located in the eastern and southern edges of the NSP, which are predominantly covered by forests; the average GPP in these areas exceeded 700 g C·m−2. On the other hand, the low-value areas were mainly concentrated in the northwestern and central-western NSP, where the average GPP was generally below 500 g C·m−2. These regions consist mostly of grasslands and shrublands with sparse vegetation. In particular, the grassland in Shiqu, northwestern NSP, suffered from severe degradation, resulting in the low-value zone of GPP. The areas with high ET are mainly distributed in the northeastern and southwestern NSP, with forest land as the main vegetation type, including some grasslands and wetlands. The average ET in these areas exceeded 650 mm. The low-value areas were concentrated in the central NSP, where the average ET is below 550 mm. These areas with low ET were mainly found in the forest region of the Dadu River Basin and areas with significant vegetation degradation. As a result, the spatial pattern of WUE was similar to that of GPP, showing an increasing trend from the northwest to the east. Therefore, the variation in GPP had a greater impact on the spatial pattern of WUE than ET in the NSP. The forested areas in the eastern and southern edges of the NSP showed high values of WUE, with average values exceeding 1.2 g·m−2·mm−1. The grassland areas were generally characterised by low WUE, especially in severely degraded grasslands such as the northern Shiqu and Litang County, with average values below 0.5 g·m−2·mm−1.



Between 2001 and 2021, approximately 82.8% of the vegetation in the NSP was stable in terms of WUE (p > 0.05, Figure 4a). The areas with an increase in WUE (slope > 0, 0.01 < p < 0.05) were significantly larger than those with a decreasing trend (slope < 0, 0.01 < p < 0.05), accounting for 95.6% of the changing regions. These areas were mostly located in the eastern border and the southeastern NSP, mainly consisting of forest lands, grasslands, and shrublands. The WUE decreased mostly in the northeastern and western border of NSP, with large decreases in the northern parts of Ruoergai County and Yajiang County, mainly consisting of wetland and forest land.



The Hurst index in the NSP ranged from 0.13 to 0.90, with an average value of 0.43 (Figure 4b). The proportion of areas with a Hurst value less than 0.4 was 37.2%, mainly distributed in the northern and central-southern regions of NSP. In these areas, future WUE changes show strong anti-persistence. The current decreasing trend in north will be turned into an increasing trend, while the current increasing trend in the central-southern region will be turned into a decreasing trend. Also, the areas with a Hurst index greater than 0.6 accounted for only 2.2% of the total area, scattered in the northeastern border and sporadic regions of the central part of the NSP. The trend of WUE in these areas is increasing and exhibit strong persistence in the future, maintaining the current increasing trend.





3.2. Variation of WUE for Different Types of Vegetation


There are apparent differences in GPP, ET, and WUE among various types of vegetation due to the differences in physiological and ecological structures as well as water use strategies. As shown in Figure 5a, the annual cycle of WUE for all vegetation types followed a “unimodal” pattern. The maximum WUE values for croplands and wetlands occurred in July, while forest lands, grasslands, and shrublands reached their peak in August. On average, forest lands had the highest WUE, followed by croplands, shrublands, and wetlands, with grasslands having the lowest WUE. The highest annual average WUE of the forest lands is attributed to the highest GPP value and lowest ET value. The lowest WUE for grasslands is primarily due to the lowest GPP and relatively higher ET. Although both GPP and ET for shrublands were smaller than those of wetlands, shrublands had slightly higher WUE than wetlands.



GPP and ET for all vegetation types showed a significant increasing trend (p < 0.05 or p < 0.001). However, the trends in WUE were relatively complex. Croplands and shrublands showed a significant increasing trend, with forest lands and grasslands increasing insignificantly and wetlands decreasing slightly (Figure 5b). Croplands had the fastest increase rate (0.056 g·m−2·mm−1·10a−1), primarily due to the rapid increase in GPP and relatively slower increase in ET. Wetlands had the slowest increase rate in GPP and the fastest increase rate in ET, resulting in a decreasing trend in WUE.



The vegetation in the NSP demonstrated significant variations with altitude. WUE also varied with altitude for different vegetation types (Figure 6). For croplands, WUE initially increased with altitude, and then sharply decreased between 1100 and 1600 m, and finally showed a gradual fluctuating declining trend. Forest lands showed a slow increase in WUE with altitude, followed by a gradual decline between 1100 and 4000 m, and a rapid decrease in the last part. Grasslands experienced a sharp decrease in WUE with increasing altitude, stabilising between 1600 and 2600 m, and then declined slowly. Also, shrublands showed a fluctuating decrease in WUE below 3700 m, followed by a stable decline with increasing altitude. Wetlands showed a highly fluctuating trend in WUE with increasing altitude. The altitude ranges of high WUE value varied among the different vegetation types. The altitude of high WUE for most vegetation types was between 800 and 1800 m, with the exception of wetlands, which had their high WUE in the altitude range between 3100 and 3200 m.




3.3. Response of WUE to Climatic Factors in Northwestern Sichuan Plateau


3.3.1. Geographical Detection Analysis of WUE and Climatic Factors


To investigate the influence of climatic factors on the variation of WUE, we selected 14 climatic factors (Table 1) for detection and interaction analysis. The correlations between regional normalised WUE and climate variables for different vegetation types are shown in Table 2. The WUE of grassland and shrubland were less affected by climatic fluctuations, while temperature indices had a significant influence on the WUE of forest land and cropland, especially mean temperature. The precipitation indices had limited impact on the WUE of forest land. The WUE of wetland was mainly affected by the precipitation indices, especially extreme precipitation indices. Additionally, the diurnal temperature range (DTR) also had a strong influence on the WUE of cropland. Overall, although most vegetation types were greatly influenced by mean temperature indices, extreme climatic variables also had a significant impact on wetland and cropland.



The interaction detector indicates a dual-factor enhancement or nonlinear enhancement effect. Specifically, the interaction of grassland and cropland with climatic factors showed a significant nonlinear enhancement relationship (accounting for 77.5% and 62.5%), while this was not true for forest land, shrubland, or wetland. Among the five types of vegetation, the combination interaction of various factors in wetland was significantly stronger than for other vegetation types, especially the combination interaction of maximum 1-day precipitation (RX1d) and the other extreme climatic variables, mainly manifested as dual-factor enhancement with q values exceeding 0.7. Additionally, the dual-factor enhancement effect between maximum 5-day precipitation (RX5d) and various extreme temperature indices on cropland was also strong, with q values exceeding 0.5. In the remaining three vegetation types, the interaction of the consecutive wet days (CWD) index with extreme climatic variables generally had a considerable impact, with q values ranging from 0.35 to 0.55. The overlay effect of temperature indices on forest land was stronger than the precipitation indices, while the overlay effect of the precipitation indices on grassland and shrubland was stronger than temperature indices. Overall, the effect of single extreme climatic variables on WUE was weak, but the interactions of one extreme single index with mean climate indices or other extreme indices exerted significant effects on WUE.




3.3.2. Relationship between WUE and Climatic Factors in Northwestern Sichuan Plateau


Table 3 shows the correlation between climate factors and the WUE of different vegetation types; only the factors that are significantly correlated (p < 0.05) with at least one vegetation type are presented. It can be seen that the correlation between the WUE and climate factors varied significantly among different vegetation types, and the correlation between different climate factors and the same underlying surface type also differed. The WUE of forest land only significantly and positively correlated with mean air temperature, minimum value of daily minimum temperature (TNN), and growing season length (GSL). The increase in TNN and mean temperature promoted the WUE of forest land; however, it was not sensitive to precipitation. The WUE of shrubland was primarily influenced by precipitation, with extreme precipitation having a promoting effect on WUE. The WUE of cropland showed a significant correlation with extreme climatic variables, with extreme cold temperatures primarily promoting cropland WUE, while the extreme precipitation indices exhibited an inhibitory effect. The WUE of grassland and wetland was not significantly associated with climate factors, and the correlations with the temperature indices were weaker than those of the precipitation indices.



Due to the complex topography of the NSP and spatial heterogeneity in the variation of the climatic variables, the correlation coefficients between the regional mean climate indices and WUE were relatively low. To further explore the relationship between WUE and various climate indices, the pixel-scale correlation of forest land and grassland with WUE is discussed, as they account for 37.0% and 54.4% of the study areas, respectively.



Figure 7 and Figure 8 depict the maps of the correlation between the WUE for the two vegetation types and various temperature indices. The significance level threshold was used to classify the areas into different levels. As shown in Figure 7, the WUE of forest land in most of the NSP significantly correlated with the temperature extremes of diurnal temperature range, growing season length, and maximum value of daily maximum temperature (TXX), accounting for 24.8%, 8.1%, and 7.7% of the NSP. The correlations of WUE for forest land with other extreme temperature indices were insignificant. However, the WUE of forest land negatively correlated with mean temperature, and the correlations were higher and more spatially uniform than those of the extreme temperature indices. The areas with high negative correlation were concentrated in the northeastern forest regions. As shown in Figure 8, the WUE for grassland positively correlated with diurnal temperature range, maximum value of daily maximum temperature, growing season length, and warm spell duration indicator (WSDI), but negatively correlated with TNN and cold spell duration indicator (CSDI). Among them, the correlation with the diurnal temperature range was the strongest, accounting for 36.6% of the areas with significant correlation, mainly distributed in the northwestern and southern NSP. The proportion of areas with a significant positive correlation between WUE and TXX is 10.7%, mainly located in the northwestern NSP. The WUE of grassland was mostly negatively correlated with mean temperature during the growing season, with the correlation for 46.8% of the area being significant, mainly distributed in the northern NSP.



Unlike temperature indices, the correlations between the WUE of forest lands and extreme precipitation indices were generally weaker (Figure 9). The WUE of forest lands was significantly and negatively correlated with the consecutive wet index in the western edge forest areas of the NSP, but was significantly and positively correlated with maximum 1-day precipitation in the northeastern and southeastern NSP, with the maximum 5-day precipitation in the central northern and southern NSP. However, the mean precipitation index positively correlated with the WUE of forest lands, accounting for 93% of the forest areas. The areas with significant correlation are located in the central and eastern forest areas of the NSP. The WUE of the grasslands also showed higher correlation with the consecutive wet index, maximum 1-day precipitation, and maximum 5-day precipitation (Figure 10), but the proportions of areas with significant correlation did not exceed 10%. The significant negative correlation with the consecutive wet index is located in the central and western grassland areas, while the significant positive correlation with the maximum 1-day precipitation and maximum 5-day precipitation indices are distributed in the northern and southern NSP. The correlations of the WUE of grassland with the mean precipitation was stronger than those with the extreme precipitation indices. The areas with significant positive correlations are concentrated in the northern and southeastern NSP.






4. Discussion


4.1. Analysis of the Relationship between Different Types of Vegetation and Altitude


The WUE of most types of vegetation peaks at altitude of 800–1800 m. When the altitude exceeds 1800 m, the decline of WUE with increasing altitude may be related to the low-temperature conditions [28]. The low WUE is caused by high permeability and low transpiration in alpine meadows [29] at high altitude. However, the WUE of wetland shows greater fluctuation with increasing altitude, and peaks at 3100–3200 m (Figure 6e). This may be due to the differentiation in vegetation types in wetland communities in the NSP [30]. In addition, the adaptation of alpine wetlands to altitude differs from that of other vegetation types, as high altitude and low temperature are conducive to the growth of high-altitude wetland vegetation in the Tibetan Plateau [30]. In addition, the WUE of grassland is relatively stable at the altitude of 1600–2600 m (Figure 6c). The decline in WUE with increasing altitude is gradual, indicating that grassland has strong adaptability and resilience to altitude. This differs from the results of Zhou et al. [19], who found a relationship between the WUE of different types of vegetation and altitude in the mountains in southwestern China. This difference may be attributed to variations in the study region, time series, and data sources. Furthermore, forest is one of the two main types of vegetation in the NSP, and the WUE of forest is more sensitive to variations in altitude. A comparison of the changes in WUE with altitude among different types of vegetation also reveals that grassland has greater resilience to climate change than other types.




4.2. Analysis of WUE Response to Extreme Temperature and Precipitation


The response of WUE to climatic factors is dependent on the dominant processes driving plant photosynthesis and ecosystem water loss, which are the relative changes in GPP and ET [31]. Therefore, the correlation between WUE and temperature is mainly determined by the development of vegetation ecosystems [32]. Correlation analysis indicates that the WUE of most vegetation types in the NSP positively correlates with diurnal temperature range, maximum value of daily maximum temperature, and growing season length (Figure 7A–C and Figure 8A–C). This suggests that an increase in diurnal temperature range and extreme temperature promotes WUE. Ni et al. [33] also found a promoting effect of maximum value of daily and diurnal temperature range on vegetation growth in southwestern China. Diurnal temperature range has a regulating effect on plant photosynthetic parts [33], and an increase in the diurnal temperature range helps promote photosynthesis and increase plants’ net photosynthetic accumulation [34,35], thus enhancing WUE. Higher temperatures increase stomatal conductance in plant leaves, extending the growing season of vegetation at high altitudes and promoting WUE [36]. Although warmer climates usually benefit vegetation growth, in regions with relatively high temperatures, excessively high temperatures can cause plant respiration to exceed photosynthesis, hindering plant growth and development. Additionally, higher temperatures can lead to increased vegetation transpiration, with ET increasing at a faster rate than GPP, which is unfavourable for an increase in WUE. Therefore, the response of WUE to extreme temperature factors is partly dependent on the mean temperature. The impact of transient low temperatures on plants is mainly reflected in light inhibition [37], reduced enzyme activity, enzyme reaction limitation [38], and stomatal conductance [39,40], among other factors.



Water is not the primary limiting factor for vegetation growth in the NSP [25]. Zhang et al. [41] also found an insignificant correlation between WUE and precipitation in mountainous southwestern China. Of note is that wetland is an exception, whose WUE is sensitive to precipitation, especially extreme precipitation indices, based on the results of geographical detectors. The WUE is positively correlated with RX1d and RX5d in the northern and southern NSP (Figure 9B,C and Figure 10B,C), where there are favourable warm conditions and short-term heavy rainfall that benefits vegetation growth. This is similar to the findings of Ni et al. [33], who discussed the response of vegetation in southwestern China to daily heavy rainfall. The WUE showed a weak positive correlation with the consecutive dry index (Figure 9E and Figure 10E) as increases in the consecutive dry index leads to higher temperatures, which favours the extension of the plant’s senescence period [42], thereby increasing WUE. As shown in Figure 9 and Figure 10, in some high-altitude areas, an increase in the consecutive wet index is favourable for a decrease in WUE. One possible reason is that temperatures in these areas are low and vegetation water demand is limited, so an increase in precipitation does not have a significant impact on vegetation growth and instead accelerates surface evapotranspiration [32]. In the dry and hot valleys of the southwestern NSP, increases in the consecutive wet index and the number of medium precipitation days is unfavourable for an increase in WUE. In these areas, the temperature causes the rapid evaporation of precipitation, and an increase in precipitation intensity and duration would reduce the photosynthetically active radiation available for carbon absorption by vegetation [43], decreasing photosynthetic rates and GPP while increasing ET, leading to a decrease in WUE. Additionally, in eastern areas with steep terrain and sparse surface cover, an increase in the simple daily intensity index for precipitation is unfavourable for increasing WUE because, in these areas, the ability of soil to retain rainfall is weak, making it difficult to convert extreme heavy rainfall into usable water for vegetation [44], thus limiting the increase in WUE.



The same vegetation type in different areas shows significant differences in the response of WUE to extreme climate variables. The forest lands in the northeastern NSP are more affected by extreme temperature factors, while the forest lands in western and central-southern areas are more sensitive to extreme precipitation indices. The grasslands in the central and western NSP are relatively more influenced by extreme temperature indices, while the grasslands in the north and south are more sensitive to extreme precipitation indices. Excessive moisture is not conducive to improvements in the WUE of grasslands, but short-term heavy precipitation has a promoting effect.




4.3. Analysis of Uncertainty Factors


In this study, MOD17 (GPP) and MOD16 (ET) products were used to estimate WUE. Although these data sources are widely used, there are still uncertainties in the model calculations and parameter settings, and the accuracy of the estimation results needs to be improved.



The algorithm used for the MOD16 data product collection is based on the logic of the Penman–Monteith equation, which includes inputs of daily meteorological reanalysis data along with MODIS remotely sensed data products such as vegetation property dynamics, albedo, and land cover. The uncertainty of the reanalysis data and remotely sensed data causes uncertainty in the calculation of ET. In addition, the Penman–Monteith equation involves some empirical relationships based on observations outside of the study areas. All of these factors can cause uncertainty in ET [45]. This paper uses the R/S analysis method to estimate the Hurst index. Although the estimation results of this method are more reliable than other methods, there are still uncertainties, such as the length of the data sequence, data periodicity, and trend [46].



Moreover, because of the complex terrain and diverse vegetation types, the WUE in the NSP is influenced not only by temperature, precipitation, and topography, but also by other factors, such as CO2 concentration, solar radiation, and leaf area index [47,48]. This study only conducted correlation analysis on the impact of individual factors and did not involve mechanism analysis. Further in-depth discussions on these aspects are needed in future studies. Additionally, the synergistic effects of multiple factors on WUE are also a challenging issue that requires further research.



In view of the uncertainty of MOD16 products, the empirical relationship in the Penman–Monteith equation can be replaced according to observation in the study area in the future to improve the estimation accuracy of ET. In addition, high-resolution satellite data and surface energy balance models can also be considered to improve the estimation accuracy of ET.



As an important indicator of the carbon and water cycles of vegetation ecosystems and a monitoring index for measuring the growth of vegetation, the characteristics of WUE and its response to climate change revealed in this study will help to deeply understand the changes in ecosystems, clarify the response mechanism of ecosystem carbon-water cycles to global climate change, and simulate and predict the development of ecosystem carbon and water processes. All of these results provide information for a better management of water resources and ecosystems in the NSP against the background of global warming.





5. Conclusions


	(1)

	
The seasonal cycle of WUE in the NSP exhibits a unimodal fluctuation, with higher values from May to September. The mean WUE from 2001 to 2021 was 0.77 g·m−2·mm−1, showing an insignificant upward trend. The spatial pattern of WUE exhibits lower values in the northwest and higher values in the east, demonstrating a stable and positive upward trend.




	(2)

	
From 2001 to 2021, the mean value of WUE for different vegetation types in the NSP showed the following order: forest land > cropland > shrubland > wetland > grassland. The seasonal cycle of WUE for all vegetation types showed a unimodal curve, with peak values occurring in July and August. The WUE of cropland and shrubland exhibited a significant increasing trend, while forest and grassland showed an insignificant increase, and wetland demonstrated an insignificant decreasing trend.




	(3)

	
The altitude range of 800 to 1800 m is the most suitable zone for vegetation physiological growth in the NSP, with generally high WUE. Beyond that, WUE decreases with increasing altitude. Compared to other vegetation types, grassland has stronger adaptability to altitude and thus adapts to climate change better.




	(4)

	
Water is not the primary limiting factor for vegetation growth in the NSP, which receives abundant precipitation. Thus, WUE is more influenced by temperature. Compared to extreme climatic factors, mean climate factors have a more significant impact on WUE. Overall, an extended growing season and increased diurnal temperature range are beneficial for the increase in WUE, while frequent extreme cold events suppress WUE. Among the extreme climatic factors, DTR, GSL, and CWD exert stronger impacts on WUE than others for the entire NSP.
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Figure 1. Altitude (a) and land use type (b) of the study area. 
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Figure 2. Inter-annual (a) and monthly (b) variation of gross primary productivity (GPP), evapotranspiration (ET) and water use efficiency (WUE) in northwestern Sichuan Plateau. 
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Figure 3. Spatial distribution of water use efficiency in northwestern Sichuan Plateau from 2001 to 2021. 
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Figure 4. Spatial distribution of linear trend (a) and Hurst index (b) of vegetation water use efficiency in northwestern Sichuan Plateau. 
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Figure 5. Inter-annual (a) and monthly (b) variation of water use efficiency over different vegetation types. 
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Figure 6. Relationships between water use efficiency of different vegetation types and altitude in Northwestern Sichuan Plateau ((a) Cropland, (b) Forest land, (c) Grassland, (d) Shrubland, (e) Wetland). 
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Figure 7. Spatial distribution of correlation coefficients between water use efficiency and temperature indices in forest land of Northwestern Sichuan Plateau ((A) DTR, (B) GSL, (C) TXX, (D) TNN, (E) WSDI, (F) CSDI, (G) TG). I: r ≤ −0.537, p < 0.01; II: −0.537 < r ≤ −0.423, p < 0.05; III: −0.423 < r ≤ 0; IV: 0 < r ≤ 0.423; V: 0.423 < r ≤ 0.537, p < 0.05; VI: r > 0.537, p < 0.01. The same below. 
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Figure 8. Spatial distribution of correlation coefficients between water use efficiency and temperature indices in grassland of Northwestern Sichuan Plateau ((A) DTR, (B) GSL, (C) TXX, (D) TNN, (E) WSDI, (F) CSDI, (G) TG). 
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Figure 9. Spatial distribution of correlation coefficients between water use efficiency and precipitation indices in forest land of Northwestern Sichuan Plateau ((A) CWD, (B) RX1d, (C) RX5d, (D) CDD, (E) R10, (F) SDII, (G) PG). 
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Figure 10. Spatial distribution of correlation coefficients between water use efficiency and precipitation indices in grassland of Northwestern Sichuan Plateau ((A) CWD, (B) RX1d, (C) RX5d, (D) CDD, (E) R10, (F) SDII, (G) PG). 
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Table 1. Selection of and definitions on climate variables.
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	Climate Variables
	Abbreviation (Units)
	Definition





	Mean temperature of growing season
	TG (°C)
	Mean air temperature from April to September



	Maximum value of daily maximum air temperature
	TXX (°C)
	Yearly maximum value of daily maximum air temperature



	Minimum value of daily minimum air temperature
	TNN (°C)
	Yearly minimum value of daily maximum air temperature



	Growing season length
	GSL (d)
	Annual count between first span of at least 6 days with daily mean air temperature > 5 °C and first span after June 1st of 6 days with daily mean air temperature < 5 °C



	Dirunal temperature range
	DTR (°C)
	Yearly mean difference between daily maximum air temperature and daily minimum air temperature



	Warm spell duration indicator
	WSDI (d)
	Annual count of days with at least 6 consecutive days when daily maximum air temperature > 90th percentile



	Cold spell duration indicator
	CSDI (d)
	Annual count of days with at least 6 consecutive days when daily minimum air temperature < 10th percentile



	Growing season precipitation
	PG (mm)
	Total precipitation on all precipitation days from April to September



	Simple daily intensity index for precipitation
	SDII (mm·d−1)
	Annual total precipitation divided by the number of wet days (defined as daily precipitation ≥ 1.0 mm) in the year



	Maximum 1-day precipitation
	RX1d (mm)
	Yearly maximum value of daily precipitation



	Maximum 5-day precipitation
	RX5d (mm)
	Yearly maximum 5-day consecutive precipitation



	Number of medium precipitation days
	R10 (d)
	Annual count of days when daily precipitation ≥ 10 mm



	Consecutive wet index
	CWD (d)
	Yearly maximum number of consecutive days with a daily precipitation ≥ 1 mm



	Consecutive dry index
	CDD (d)
	Yearly maximum number of consecutive days with daily precipitation < 1 mm
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Table 2. Correlations between regional average normalised differential vegetation water use efficiency and climate variables in Northwestern Sichuan Plateau.






Table 2. Correlations between regional average normalised differential vegetation water use efficiency and climate variables in Northwestern Sichuan Plateau.





	
Climate Variables

	
Vegetation WUE of Different Underlying Surface Types




	
Forest Land

	
Grassland

	
Wetland

	
Shrubland

	
Cropland






	
TG (°C)

	
0.313

	
0.132

	
0.154

	
0.109

	
0.378




	
TXX (°C)

	
0.169

	
0.053

	
0.013

	
0.090

	
0.156




	
TNN (°C)

	
0.284

	
0.124

	
0.195

	
0.123

	
0.303




	
GSL (d)

	
0.272

	
0.119

	
0.142

	
0.093

	
0.294




	
DTR (°C)

	
0.135

	
0.050

	
0.303

	
0.094

	
0.276




	
WSDI (d)

	
0.087

	
0.043

	
0.088

	
0.094

	
0.180




	
CSDI (d)

	
0.114

	
0.046

	
0.188

	
0.135

	
0.255




	
PG (mm)

	
0.111

	
0.132

	
0.310

	
0.131

	
0.175




	
SDII (mm·d−1)

	
0.126

	
0.150

	
0.299

	
0.026

	
0.191




	
RX1d (mm)

	
0.092

	
0.162

	
0.566

	
0.059

	
0.125




	
RX5d (mm)

	
0.178

	
0.119

	
0.315

	
0.118

	
0.280




	
R10 (d)

	
0.090

	
0.119

	
0.387

	
0.103

	
0.136




	
CWD (d)

	
0.182

	
0.136

	
0.272

	
0.269

	
0.157




	
CDD (d)

	
0.043

	
0.082

	
0.483

	
0.101

	
0.063
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Table 3. Correlations between regional average normalised differential vegetation water use efficiency and climate variables in Northwestern Sichuan Plateau.
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Climate Variables

	
Vegetation WUE of Different Underlying Surface Types




	
Forest Land

	
Grassland

	
Wetland

	
Shrubland

	
Cropland






	
TG (°C)

	
0.444 *

	
0.174

	
0.000

	
0.228

	
0.551 **




	
TNN (°C)

	
0.446 *

	
0.162

	
−0.060

	
0.323

	
0.522 *




	
GSL (d)

	
0.439 *

	
0.180

	
−0.011

	
0.295

	
0.516 *




	
CSDI (d)

	
0.281

	
0.002

	
0.193

	
−0.324

	
0.484 *




	
CWD (d)

	
−0.321

	
−0.325

	
−0.268

	
0.531 *

	
−0.445 *








Definitions of climate variables see Table 1. *, p < 0.05; **, p < 0.01.
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