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Abstract

:

Studying the impact of regional or seasonal drought on vegetation water-use efficiency (WUE) can identify an effective theoretical basis by which vegetation can cope with future climate change. Based on remote sensing data and climate grid data, in this study, we calculated the ecosystem WUE and standardized precipitation evapotranspiration index (SPEI), analyzed the temporal and spatial divergence of seasonal drought and WUE, and explored the relationship between WUE and seasonal drought in the Loess Plateau. The results indicate that from 2001 to 2019, the humidity in spring and summer on the Loess Plateau shows an increasing trend, and the aridity in fall also shows an increasing trend. Averaged over four seasons, WUE presents distribution characteristics of “high in the southeast and low in the northwest”, with the highest WUE in summer. However, the geological distribution of the sensitivity of WUE to seasonal drought was significantly different. Spring drought increased WUE, whereas summer drought led to a decrease in WUE. When fall drought was less severe, the WUE increased; WUE response to winter SPEI was negative, but the sensitivity did not change with variation of drought degree. The sensitivity of WUE to the magnitude of seasonal drought was affected by regional dry and wet conditions. A clear seasonal divergence was found in four climate regions, along with increased drought intensity, and the sensitivity of WUE to drought magnitude in arid areas was generally higher than that in semi-arid, semi-humid areas, or humid areas. With this study, we deeply explored how ecosystems deal with the water supply strategy of seasonal drought, which is of great significance in the understanding of the coupling relationship between the carbon–water cycle and climate change.
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1. Introduction


Drought is the main environmental factor limiting terrestrial ecosystems and has seriously affected ecological security and human society [1]. Moreover, the relationship between vegetation growth and water use of terrestrial ecosystems is significantly affected by drought [2]. For example, drought can constrain vegetation growth, lead to decreased primary productivity and carbon absorption, affect the water supply conditions, and impact ecosystem structure and function [3,4,5]. With global warming, the intensity and frequency of drought worldwide are significantly increasing [6,7]; consequently, there is an urgent need to quantify the grades and spatial extent of drought to deal with this increasingly serious natural hazard [5]. Many drought indices have been developed to quantitatively and accurately measure droughts [8,9]. For example, the standardized precipitation evapotranspiration index (SPEI) is obtained through three steps: first, by calculating evapotranspiration using meteorological data, then normalizing the cumulative probability of the difference sequence between precipitation and evapotranspiration, and finally revealing drought characteristics within the region using the deviation degree between the difference between precipitation and evapotranspiration and its average state [10,11]. This index combines the multi-scale utility of the standardized precipitation index and the sensitivity of the Palmer drought severity index with temperature and precipitation and is an effective index for studying drought under global climate change [12]. SPEI is an effective measure to study the influence of drought on artificial and natural ecosystems [13]. Water use efficiency (WUE) is related to the amount of fixed CO2 or dry matter produced by plants consuming a unit mass of water [5,14], which links the coupling of carbon and water cycles and can be used as a feedback index of the terrestrial ecosystem to climate change terrestrial ecosystems [2,15,16,17]. In addition, ecosystem WUE-connected biological processes and physical processes [5], i.e., the disturbance of gross primary productivity (GPP) and evapotranspiration (ET), simultaneously affect ecosystem WUE [18]. Moreover, the increased frequency and magnitude of global drought events have a profound impact on the water–carbon coupling cycles [8,18]. Therefore, an in-depth understanding of WUE sensitivity to drought will help us better understand the ecological adaptation of vegetation and feedback in response to climate change [19].



As global droughts continue to increase, more scholars are researching the impact of drought on ecosystem WUE on both a regional and a global scale [20]. Studies have shown that biological communities can adapt to water stress by enhancing their WUE [21]. However, this conclusion is challenged by regional studies [8,18,22]. For example, Yang et al. [18] found that the WUE of different terrestrial ecosystems responded differently to drought across global. WUE sensitivity to drought varies with the magnitude of the drought, the duration of the drought, and the type of biological community [18,22,23,24]. Some researchers investigated the impact of drought events on the WUE of distinct vegetation types and found that the WUE of diverse vegetation types responded differently to drought [23]. A study of the responses of ecosystem WUE to meteorological drought (when dry weather patterns dominate a region) in northern China found that forests had the greatest tolerance to drought, followed by cropland, grassland, and desert, in that order [24]. There is still a lack of scientific consensus on the response mechanism of WUE to drought. Some studies have found that drought reduces WUE [25,26], whereas others found that the response to drought includes increased WUE [27,28,29]. In addition, it has been found that WUE is also affected by the magnitude and seasonal nature of the drought. For example, Tong et al. [30] found that drought increased ecosystem WUE in spring. Ma et al. [19] found that drought decreased WUE in the summer but increased it in the fall, whereas there was no significant impact in the spring. Xie et al. [31] found that extreme drought decreased ecosystem WUE in the spring and summer but increased WUE in the fall. This shows that WUE’s response to drought requires more in-depth research.



Although many scholars have studied the influence of drought on WUE and have drawn many valuable conclusions, most studies on the WUE sensitivity of different ecosystems to drought have been based on long-term drought; few research groups have paid attention to the impact of seasonal drought on the WUE of different climate regions, a relationship that is essential to understanding ecosystem processes under drought stress [8]. Moreover, there have been few studies on the impact of seasonal drought magnitude on WUE. The Loess Plateau in China is characterized by ecological fragility and climatic sensitivity. This region suffers from serious soil erosion, low vegetation coverage, and a continuous drought trend in recent years [32]. Furthermore, the WUE of the Loess Plateau is gradually decreasing, and the drought is becoming more and more serious, which has seriously threatened regional ecological security. However, studies on the response of WUE to seasonal drought is still lacking in the Loess Plateau in northwestern China. Therefore, the focus of this study is on (1) exploring the temporal and spatial differentiation characteristics of seasonal drought and WUE in the Loess Plateau from 2001 to 2019; (2) analyzing WUE sensitivity to seasonal characteristic drought in the Loess Plateau; and (3) evaluating the impact of seasonal drought on WUE in different climate regions. The goal of this study is to provide as much understanding as possible of the response of terrestrial ecosystems to drought stress, with reference for the Loess Plateau, in order to carry out appropriate ecosystem management [5,32]. Therefore, understanding the relationship between ecosystem WUE and droughts is necessary for evaluation of the ecological security of the Loess Plateau and has great practical significance and scientific value.




2. Materials and Methods


2.1. Site Descriptions


The Loess Plateau is located in the northern part of China (34°–40° N, 103°–114° E). It is the plateau with the largest loess coverage in the world and includes Henan, Ningxia, Qinghai, Gansu, Shaanxi, and Shanxi Provinces, as well as the Inner Mongolia Autonomous Region [32], with an area of about 640,000 km2 (Figure 1a). Moreover, the area spans semi-arid, arid, semi-humid, and humid regions, with an average annual temperature of 3.6–14.3 °C and annual precipitation of 150–750 mm. The precipitation mostly occurs in summer and fall, and there is little rain in the winter and spring, which is characteristic of a continental monsoon climate [33,34]. The vegetation coverage is low, and the vegetation from south to north is distributed in the forest belt, forest–steppe transition zone, and grassland zone in an obvious zoning pattern. The main tree species are Pinus tabulaeformis Carr., Robinia pseudoacacia L., Armeniaca sibirica, Ailanthus altissima, and others (Figure 1b). The area suffers from serious soil erosion, and the ecological environment is very fragile. The Loess Plateau is the environment with the most severe soil erosion and the most fragile ecology in China and possibly in the entire world [32,35].




2.2. Data Sources and Preprocessing


A dataset of monthly precipitation and temperature data was extracted from climate sites of the National Meteorological Science Data Center (https://data.cma.cn/data/index.html, accessed on 11 June 2020) for the period from 1986 to 2019, meeting the minimum requirements for SPEI calculation of at least 30 years [36], and the horizontal resolution was 0.5° × 0.5°. In this study, we used 448 climate grid points of the Loess Plateau and its surrounding areas to calculate the grid point SPEI index with R software (SPEI package), and the results were interpolated into SPEI raster data with a resolution of 500 m × 500 m by the ANUSPLIN package; the average SPEI index for each season from 2001 to 2019 was obtained, which could be used to characterize the drought of each season. Gross primary productivity (GPP) and evapotranspiration (ET) were derived from remote sensing data. MODIS GPP (MOD17A2H) and MODIS ET (MOD16A2) product data were from the United States Land Processes Distributed Active Archive Center (https://lpdaacsvc.cr.usgs.gov/appeears/task/area, accessed on 13 March 2020), the spatial resolution was 500 m, the time resolution was 8 days, and the study period was from 2001 to 2019. Preprocessing, including image mosaic, reprojection, and format conversion, was completed with the MODIS reprojection tool (MRT).




2.3. Methodology


2.3.1. Calculation of Water Use Efficiency (WUE)


In this research, the ratio of GPP (g C·m−2) to ET (mm) was used to calculate the ecosystem WUE (g C·mm−1·m−2):


  WUE =   GPP   ET    



(1)








2.3.2. Calculation of the Standardized Precipitation Evapotranspiration Index (SPEI)


The standardized precipitation evapotranspiration index (SPEI) was used to characterize drought degree [5]. The different time scales of SPEI (running from 1 to 48 months) represent the precipitation deficit or precipitation surplus over the preceding period. In this study, we calculated the three-month SPEI (denoted as SPEI3) to determine the droughts of the Loess Plateau. The SPEI time scale has been shown to reflect seasonal variations in drought conditions [37]. The SPEI index is calculated as follows:



Step 1: Calculation of potential evapotranspiration (PET):


  PET = 16    N  12        M  30           10 T  H     A   



(2)




where T represents the monthly average temperature (°C), N represents the maximum sunshine hours, M represents the number of days in the current month, and H represents the heat index. A is a constant determined by the heat index, H: A = (0.492 + 0.179H − 7.71) × (10−5H2 + 6.75 × 10−7H3).



Step 2: Calculation of the differences between monthly precipitation (P) and potential evapotranspiration (PET) at different time scales:


   D i  =  P i  −   PET  i   



(3)




where    D i    is the difference between precipitation and evapotranspiration,    P i    is the monthly precipitation, and     PET  i    is the monthly potential evapotranspiration.



Step 3: Calculation of SPEI using the log-logistic probability distribution of three parameters to normalize the    D i    (the results of step 2) and then obtain the SPEI series [38].



To analyze the drought characteristics of the Loess Plateau, we divided five drought grades using China’s meteorological drought grade standard, geographical characteristics of the Loess Plateau, and a related research [39,40] (Table 1). The smaller the SPEI value, the more severe the drought.




2.3.3. Ridge Regression


Ridge regression analysis is a refined least squares estimation method [41] and biased estimation regression method that can eliminate the collinearity of independent variables. Therefore, in this paper, we used ridge regression to explore the sensitivity of WUE to seasonal drought.



The multiple linear regression models can be expressed as follows:


  Y = X · β + ε  








where Y is the dependent variable; X is the independent variable (in the form of a multivariate matrix); β is the regression coefficient; and ε is the error, which obeys the normal distribution.



If the regression coefficient, β, is estimated according to the least square method, then:


   β 1  =      X T  · X     − 1   ·  X T  · Y  











However, if there are multiple collinearities between the data of the independent variable, X, it may cause instability in the obtained coefficients and a lack of explanatory and physical meaning. Therefore, an improved least square estimation method, ridge regression, is proposed [33]. Its general form is:


   β 2  =      X T  · X + k · I     − 1   ·  X T  · Y  








where k is the ridge parameter (usually, k ≥ 0; when k = 0, it becomes the least squares estimator), and I is the unit matrix. The greater the k value, the better the effect of eliminating the effect of collinearity, whereas the smaller the k value, the smaller the fitting variance and the greater the fitting accuracy but the poorer the effect of eliminating the effect of collinearity [33].



In this paper, WUE is the dependent variable; and spring drought (March to May), summer drought (June to August), fall drought (September to November), and winter drought (December to February of the following year) are independent variables. All variables are detrended linearly before ridge regression, and the calculated regression coefficient is the sensitivity coefficient of each variable to the dependent variable, represented by γ [33]. Ridge regression was performed in the R language (Ridge package), with significance level of 0.05.






3. Results


3.1. Dynamic Characteristics of Seasonal Drought


The averages of SPEI3 from March to May, June to August, September to November, and December to February of the following year were used to characterize the seasonal variation of drought in spring, summer, fall, and winter, respectively, on the Loess Plateau. From a seasonal perspective (Figure 2), the interannual SPEI values of the Loess Plateau increased in the spring and summer from 2001 to 2019, showing a trend of increasing humidity (R2 = 0.0041 and R2 = 0.1112, respectively), whereas the SPEI value for the fall decreased overall, showing a trend of increasing aridity (R2 = 0.0481). In the spring, SPEI increased slowly at a rate of 0.02/10a, with the lowest value of SPEI appearing in 2013. The cumulative anomaly curve shows that the SPEI value fluctuates considerably in the spring, and a decreasing trend was found in 2003–2009 and 2012–2013. In the summer, there was a pervasive drought from 2001 to 2019, and SPEI increased at a rate of 0.16/10a over the entire study period, with SPEI showing a trend of “rising–falling–rising” during the periods of 2001–2004, 2004–2011, and 2011–2019, with average SPEI values of −0.91, −1.08, and −0.82, respectively. The lowest SPEI values were in 2001, when the drought was at its most serious, reaching a moderate grade of drought. In the fall season of the 2001–2019 period, the SPEI value decreased at a rate of 0.2/10a, showing a decreased trend as a whole. The SPEI value was lowest in 2019, and the magnitude of the drought was moderate. The trend of SPEI values in winter is not clear, but they were more than zero from 2001 to 2019, indicating that there was no drought in winter during the study period. It can be seen from the cumulative anomaly curve that the winter SPEI showed a “rising–falling–rising” trend during the periods of 2001–2005, 2005–2014, and 2014–2019, with average SPEI values of 0.66, 0.61, and 0.68, respectively.



A clear seasonal divergence was identified in the spatial patterns of drought index and magnitude of drought (Figure 3). The seasonal ordering of magnitude of drought was: summer > spring > fall > winter. In spring, SPEI increased from southeast to northwest with the decrease in precipitation gradient, indicating that the spring drought in the southeast with more precipitation is more severe (Figure 3(a1)). The drought intensities were mainly mild (40.9%) and no drought (59.1%) in spring (Table 2). The mild droughts in the spring were mainly located in the southeast of the Loess Plateau and Qinghai, with the drought being most severe in central Shaanxi, most of Shanxi, eastern Gansu, and Qinghai, where the vegetation types were mainly forest and grassland (Figure 3(b1), Table A1). In the summer, the drought grade is no drought (2.5%), mainly distributed in Qinghai and southern Shaanxi, and most regions experienced mild drought (39.8%) or moderate drought (57.2%) (Table 2). The drought index (SPEI) increased gradually with the increase in precipitation from the northwest (moderate drought) to the southeast (mild drought), that is, the summer drought in the northwest of the Loess Plateau, with less precipitation, is more serious (Figure 3(a2, b2)). Severe drought (0.5%) was found in some areas of Inner Mongolia, Ningxia, and Gansu, where the main vegetation types are shrubs and grasslands (Table 2, Table A1). The magnitude of the drought in the forest was mild (Table A1), and the drought magnitude in the summer was the most severe of all four seasons (Figure 3(b2)). The spatial distribution of drought index in the fall was similar to that in the summer, reflecting that drought was more serious in areas with less precipitation, the climate being drier in the northwest, where grassland is the main vegetation type, but more humid in the southeast and southwest, where forest is the main vegetation type (Table A1). It is worth mentioning that the SPEI value was the highest and the drought magnitude was the least in Qinghai and the central Loess Plateau (Figure 3(a3)). The magnitude of drought in fall was mainly mild (25.9%) or no drought (74.1%); the former was mainly distributed in Inner Mongolia, Ningxia, and some areas of Gansu, whereas other areas experienced no drought (Figure 3(b3), Table 2). The spatial distribution of SPEI values in the winter was similar to that in the spring, with SPEI values in the northwest being higher than those in the southeast and southwest, that is, the more precipitation there was, the more serious the winter drought was (Figure 3(a4)). Except for the most regions of Qinghai and the southern Loess Plateau, which are dominated by grassland and experienced mild drought (5.5%), most of the regions generally experienced no drought (94%) in winter (Figure 3(b4), Table 2).




3.2. Dynamic Characteristics of Seasonal WUE


As illustrated in Figure 4, there is an evident discrepancy in the spatial distribution of seasonal WUE in the Loess Plateau (Figure 4). In the spring (March–May), the vegetation WUE changed from 0.1 to 24 mg C·mm−1·m−2; the average value was 3.1 mg C·mm−1·m−2, the low value occurred in the southwest study region with higher elevation, and the grassland had the highest WUE (2.17 mg C·mm−1·m−2) (Table 3). The spring WUE decreased generally with the decrease in precipitation from the southeast to the northwest, with a decreasing trend from 2001 to 2019. In the summer (June–August), the spatial distribution of vegetation WUE was relatively uniform, in the range of 0.2–5.5 mg C·mm−1·m−2, with an average value of 3.6 mg C·mm−1·m−2. Of all seasons, the average WUE in summer was the highest, presenting the spatial distribution features of “high in the southeast and low in the northwest”. The border zone between Gansu and Ningxia had the lowest WUE, whereas the highest WUE values were in the southeast forest area and the Qinghai grassland area. In fall (September–November), the spatial distribution characteristics of WUE were quite similar to those in the spring; the WUE range was 0.1–16 mg C·mm−1·m−2, with an average value of 3.4 mg C·mm−1·m−2,and the forests had the highest WUE (1.74 mg C·mm−1·m−2) (Table 3). The average WUE in the fall was slightly higher than that in the spring. Compared to spring, summer, and fall, winter (December–February) WUE exhibited a lower value and an increasing trend. The WUE value ranged from 0 to 11 mg C·mm−1·m−2, with an average value of 1.4 mg C·mm−1·m−2.




3.3. Sensitivity Analysis of WUE to Drought Index


Ridge regression was used to explore the sensitivity of WUE to drought index (γ), and a clear seasonal divergence was observed in the spatial patterns of γ during the period of 2001–2019 (Figure 5).



Generally, negative γspring values (81%), meaning spring drought led to increased WUE, were observed in the spring in the study region, with a mean (γspring) of −0.06 (Figure 5(a1)). The significant test area (8.2%) was mainly dominated by shrublands and grasslands (Figure S1(a)). The relationship between interannual sensitivity of WUE to SPEI and drought index in spring (Figure 5(b1)) showed a consistently increasing γspring, along with an increasing magnitude of drought in the Loess Plateau. When the drought continued to increase, the magnitude of the increase, γspring, was smaller, which means that the higher magnitude of drought, the lower the sensitivity of WUE to drought (Figure 5(b1)).



In comparison, a pervasively positive sensitivity of WUE to SPEI, which means summer drought led to a decrease in WUE, was found (accounting for 70.8% of the whole region). In summer, γsummer was significantly positive (11%) in the northwest of the Loess Plateau (including the Gansu and Ningxia Provinces and southwestern Inner Mongolia), which is dominated by shrublands and grasslands (Figure 5(a2), Figure S1b). There were three magnitudes of drought in summer; the higher the magnitude of drought (moderate drought), the larger the response of WUE to SPEI (Figure 5(b2)).



Similar to spring, a generally negative sensitivity of WUE to drought (accounting for 80.2% of the whole region), which means fall drought increased WUE, was shown in fall, with eastern Gansu, western Shaanxi, and northern Shanxi being the most significant regions (p < 0.05) (Figure 5(a3), Figure S1c). The relationship between SPEI and γfall (Figure 5(b3)) showed that with decreased SPEI, a negative γfall gradually changed to a positive γ fall, which indicates that when the SPEI value > 0 and there is no drought, the higher the SPEI, the lower the negative sensitivity of WUE to SPEI, whereas when the SPEI value < 0 during mild drought, fall drought decreased WUE.



A generally clear negative sensitivity of WUE to SPEI (accounting for 74.2% of the whole region) was found in winter (Figure 5(a4)). Significantly negative γwinter (with 7.8% of the areas passing the significance test) was distributed in the southeast of the Loess Plateau (including the south of Shaanxi and Shanxi), where the vegetation type is dominated by forests (Figure 5(a4), Figure S1d). In winter, relatively uniform sensitivity coefficients were shown, and γwinter did not change with the varying SPEI, which suggests a minimal effect of SPEI on WUE in winter when SPEI > 0 and there is no drought (Figure 5(b4)).



To further explore the seasonal difference of γ in climate regions of the Loess Plateau, the seasonal γ in humid, semi-humid, semi-arid, and arid areas was extracted. The results showed a clear seasonal divergence in four climate regions, along with the increased magnitude of drought (Figure 6, Table A2).



Mild drought in spring increased WUE in arid, semi-arid, and semi-humid regions and decreased WUE in humid regions. There was no moderate or severe drought in spring. The sensitivity of WUE to no drought and mild drought was quite different in the four climate regions. The sensitivity coefficients of WUE to no drought in arid, semi-arid, and humid areas were −0.129, −0.051, and −0.008, respectively, whereas the coefficient was positive (γ = 0.015) in the semi-humid area. The sensitivity coefficients of WUE to mild drought in arid, semi-arid, and semi-humid areas were −0.011, −0.039, and −0.023, respectively, whereas the coefficient was positive (γ = 0.017) in the humid area.



In the summer, the magnitude of drought significantly influences the sensitivity of WUE to SPEI. Mild drought in the summer reduced WUE in four climate regions, whereas moderate drought decreased WUE in arid and semi-arid areas and increased WUE in semi-humid areas, and severe drought decreased WUE in arid and semi-arid areas. The sensitivity coefficient of WUE to mild drought was positive in arid, semi-arid, semi-humid, and humid areas, and the sensitivity coefficients were 0.102, 0.007, 0.005, and 0.018, respectively, with the highest sensitivity coefficient occurring in arid areas. The sensitivity coefficients of WUE to moderate drought in arid and semi-arid areas were 0.096 and 0.039, respectively, whereas the coefficient was negative in semi-humid areas (γ = −0.005). The sensitivity of WUE to severe drought was positive in both arid and semi-arid areas.



In the fall, mild drought reduced WUE in arid and semi-arid areas and increased WUE in semi-humid areas; there were no moderate or severe droughts in the fall. The sensitivity coefficients of WUE to no drought or mild drought were low in different climate regions. The sensitivity of WUE to no drought was negative in arid, semi-humid, and humid areas, with values of −0.003, −0.017, and −0.017, respectively. The sensitivity coefficient of WUE to mild drought in arid and semi-arid areas was 0.005 and 0.002, respectively, whereas that in semi-humid areas was negative (γ = −0.004).



In the winter, in most regions with SPEI > 0 and no drought, the sensitivity coefficient of WUE to SPEI was negative. When SPEI < 0 and mild drought occurred, the sensitivity of WUE to SPEI was negative in arid and semi-arid areas, with the sensitivity coefficient being highest in arid areas (γ = −0.172), whereas the sensitivity coefficient was positive in semi-humid and humid areas, with coefficients of 0.029 and 0.035, respectively. The sensitivity coefficients of WUE to moderate drought in semi-arid, semi-humid, and humid areas were −0.032, −0.009, and −0.013, respectively. The sensitivity coefficients of WUE to severe drought in semi-arid and sub-humid regions were negative. On the whole, mild drought in winter increased WUE in arid and semi-arid regions but decreased WUE in semi-humid and humid regions. Moderate and severe drought increased water-use efficiency in semi-arid and semi-humid regions. On the whole, in arid and semi-arid areas, mild drought in the spring and winter increased WUE, whereas mild, moderate, and severe droughts in the summer decreased WUE. In semi-humid areas, mild droughts in the spring and fall, moderate droughts in the summer, and moderate and severe droughts in the winter increased WUE, although mild drought in the summer and winter decreased WUE. Mild drought in the spring, summer, and winter all decreased WUE in humid areas, whereas the sensitivity coefficient of WUE to SPEI in the arid region of the Loess Plateau was generally higher than that in the semi-arid, semi-humid, and humid regions. That means that vegetation is more sensitive to water change in arid regions than in other climate regions in the study region.





4. Discussion


4.1. Characteristics of Seasonal Drought Changes


In this paper, we analyzed the seasonal characteristics of drought changes in the Loess Plateau from 2001 to 2019. The results showed that the spatial distribution of drought varied significantly in four seasons, predominated by mild drought, with the following order of the drought magnitudes: summer > spring > fall > winter. Spatially, Severe drought was in southeast–southwest and mild drought was in the northwest in spring and winter, whereas summer and autumn droughts had the opposite spatial distribution. These findings were identical to the results of previous studies, such as those of Sun et al. [32] and Zhang et al. [38], who found that the areas with significant drought in the spring were located in southern Shanxi, northern Shaanxi, and southeastern Gansu, with the driest regions being in Inner Mongolia and Ningxia in the summer. Zhang et al. [42] analyzed the drought characteristics of the Loess Plateau in Gansu Province and found that the northwest of the Loess Plateau in spring, summer, and fall is a drought-prone area, whereas the drought-prone area in Gansu Province in winter is mainly concentrated in the south of the Loess Plateau. It should be noted that the different results from the various studies was are partially due to different calculation methods and study periods for the selected drought index; furthermore, when analyzing the spatial distribution characteristics of drought, the multi-year average SPEI index was used to analyze the overall spatial distribution characteristics of seasonal drought in the Loess Plateau, whereas previous studies mainly analyzed the spatial change trend of drought. Therefore, the overall trend is similar, but the spatial distribution pattern of drought is different.




4.2. Characteristics of WUE Changes


Seasonal water-use efficiency (WUE) in the Loess Plateau has obvious spatial distribution characteristics, which may be different from the previous research results [42]. There are several reasons for these differences: (1) different research periods; (2) the spatial resolution of GPP and ET used to calculate WUE was different, which depends on the choice of remote sensing products. The difference in the spatial distribution of seasonal WUE is mainly related to different seasonal water-use strategies adopted by different vegetation types [22,43,44,45,46,47,48]. In this study, we found that WUE was generally higher in forests with more precipitation located in the southeast of the study region, which is in agreement with previous research on the differences in WUE of different ecosystems [22,43]. Some studies have confirmed the positive trend of WUE along a precipitation gradient [44,45,46]. In humid areas, forest roots are deeper and the canopy is denser, which can block solar irradiance and use more soil water, which is conducive to plant growth and WUE of the ecosystem [47,48].




4.3. Response of WUE to Seasonal Drought


Interestingly, spring drought increased WUE and summer drought decreased WUE, although all significant sensitivity of WUE to SPEI in two seasons was found in the northwest study region dominated by grassland. When drought occurs, the sensitivity of WUE to the drought index is low in spring and high in summer. The divergence of sensitivity of WUE to SPEI in spring and summer may be related to the drought tolerance of vegetation and the magnitude of drought [9,18,19,22,49,50]. First, there is generally less precipitation in spring than in summer, and vegetation has adapted to the drier climate of spring so that when the drought is prolonged, the drought tolerance of grass in the spring is greater than that in the summer when drought continues [13,18,22,51,52]; therefore, spring drought led to increased WUE. Secondly, higher sensitivity of WUE to SPEI was found in grasslands because the grass is more sensitive to environmental and climate change than deep-rooted vegetation [18,21]. In other words, shallow-rooted herbs rely on precipitation to supplement soil water, whereas deep-rooted trees or shrubs primarily use deep soil water or groundwater [53,54,55,56]. Lastly, we found that mild drought caused lower sensitivity of WUE to SPEI, and moderate drought caused higher sensitivity of WUE to SPEI, implying that drought tolerance of vegetation may have a threshold effect, which is consistent with previous studies [32,33]. The divergent influence of seasonal drought on WUE may be explained by the divergent change rate of GPP and ET [13,24,57]. Some studies investigated whether the ecosystem WUE response to drought was positive or negative depending on the divergent ecosystem GPP and ET sensitivity to drought [22]. Drought can reduce soil water content, as well as GPP and ET [24,57], which can explain why summer drought causes a decrease in WUE, whereas spring drought can cause an increase in WUE to some extent.



The response of ecosystem WUE to drought is an extremely complex process that is affected by a variety of biotic and environmental factors. WUE has strong inherent variability and plasticity [44,58]. The results of our study show that the response of WUE to drought is varies in different climatic regions of the Loess Plateau, and the sensitivity of WUE to drought magnitude in the arid area was generally higher than that in the semi-arid, semi-humid, and humid regions. In most cases, the impact of drought on WUE is that it affects ecosystem productivity and ET to varying degrees. However, under different hydrothermal conditions, different biological types of productivity and ET exhibit different sensitivities to drought [18]. Persistent drought has little effect on vegetation growth in arid areas because vegetation in such regions have stronger tolerance to drought and adapt well to drought [18,51,52]. On the other hand, low vegetation coverage leads to more soil evaporation in arid regions and higher sensitivity of ET to changed hydroclimatic conditions [59]. In contrast, in semi-arid and semi-humid regions, ecosystem functions and activities depend largely on water availability [21]. Consequently, the change in WUE in arid areas is generally controlled by evaporation (ET) (which is a physical process), whereas that in semi-arid and semi-humid areas is primarily regulated by assimilation (GPP) (which is a biological process). Divergent changes in GPP and ET lead to different WUE sensitivities to drought in different climate regions [18].



Vicente-Serrano et al. [13] pointed out that persistent water deficit (i.e., the drought time-scale) in arid and humid areas affects the sensitivity of vegetation WUE to drought. Vegetation in arid areas has a mechanism that allows it quickly adapt to the changing water resources, with vegetation quickly adapting when water resources are less than a threshold value in a short time [13]. In humid areas, vegetation is usually less adaptable to water stress, and the response to drought is different from those of physiological mechanisms operating in arid biomes on short time scales. On the contrary, the response of biomes to drought in semi-arid and semi-humid regions occurs on long time-scales because plants can resist water shortages [13]. Some studies have also found a complicated relationship between vegetation activity and drought in humid regions with surplus water. The response of plants in humid regions to drought is affected by phenology aspects, such as vapor pressure and the period of active leaf flushing [60]. Moreover, the tissue structure of plants in humid regions is very likely damaged by drought [61]. However, once the dry spell is over, vegetation in humid regions can rapidly recover to its previous state [13]. Therefore, vegetation in arid regions is more sensitive to drought than vegetation in humid regions.



In the current study, it was found that seasonal WUE responses to drought of different magnitudes varied among different ecosystems. Spring and winter mild drought increased WUE in arid and semi-arid regions, whereas WUE decreased in humid regions. Similarly, moderate drought in the summer decreased WUE in arid and semi-arid areas but increased WUE in semi-humid areas. Similar results were found in previous studies [13,22,24], such as a study by Xu et al. [24], who found that the response of WUE to drought stress differed in arid, semi-arid, semi-humid, and humid regions. Furthermore, some researchers found that a drought in autumn and spring in Southwest China continued from 2009 to 2010, resulting in a decrease in primary productivity and carbon absorption, whereas a drought in early summer promoted the growth of Amazon vegetation and increased carbon storage [62]. Therefore, seasonal drought significantly influenced vegetation, especially in terms of ecosystem WUE.




4.4. Uncertainties and Limitations


Compared with previous studies, the present study explored the impact of drought on WUE from a seasonal perspective and further authenticated the function of ecosystem WUE in dealing with external environmental interference. Our results confirmed findings of previous studies, such as that WUE responds differently to drought in different seasons and that different vegetation types and ecosystems exhibit different responses to drought. However, there were also some differences between the findings of previous studies and those of the research described in this paper. This may be due to discrepancies in data collection, analysis methods, research cycle, and research area [8]. It should be noted that although previous studies pointed out that the response of ecosystem WUE to drought is affected by many factors, such as vegetation characteristics [24], drought magnitude, and regional characteristics [9,49,50], few studies have been conducted on the impact of seasonal drought magnitude on different ecosystem WUE values; therefore, more theoretical and model simulations are needed to verify this conclusion. Furthermore, the SPEI value used to characterize drought in the current study was calculated based on grid data of relatively low-level resolution, so the accuracy was not high, and the time scale of GPP and ET collection data (2001–2019) was relatively short. In addition, the sensitivity of GPP and ET to drought was not taken into account in the current study of the effect of seasonal drought on WUE, which may have an impact on the results of the study. On the other hand, our study did not consider the persistence of the water deficit (i.e., the drought time-scale) and lag effects of drought. It is very important to understand the relationship between WUE and drought, and experimental observational data and high-precision remote sensing data should be used to improve analysis accuracy.





5. Conclusions


In the current study, the impact of seasonal drought on WUE was analyzed using ridge regression, which appeared in the temporal and spatial distribution characteristics of seasonal drought and WUE in the Loess Plateau from 2001 to 2019. The results show that from 2001 to 2019, there was significant spatial heterogeneity in seasonal drought and WUE, with generally mild drought levels and the highest WUE values in the summer. Seasonal drought had different effects on WUE, and the sensitivity coefficient also differed significantly as the SPEI changed. On the other hand, the sensitivity of seasonal WUE to drought magnitude was affected by regional dry and wet conditions. The impact of drought intensity on WUE in the four climate regions showed a clear seasonal divergence, and the sensitivity of WUE to drought magnitude in arid areas was generally higher than that in semi-arid, semi-humid, or humid areas. However, there are still many deficiencies in this study. Future research should pay more attention to the response processes of GPP and ET to drought and consider the impact of drought accumulation and lag effect on WUE. Our findings are crucial for understanding the impact of climate change on the Loess Plateau’s ecosystem carbon and water cycles.
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Table A1. Percentage of the area of different vegetation types with drought magnitude in each season (%).






Table A1. Percentage of the area of different vegetation types with drought magnitude in each season (%).





	
Vegetation Types

	
Seasons

	
Proportion of No Drought

	
Proportion of Mild Drought

	
Proportion of Moderate Drought

	
Proportion of Severe Drought






	
Forest

	
Spring

	
4.2

	
95.8

	
-

	
-




	
Summer

	
5.6

	
93.5

	
0.9

	
-




	
Autumn

	
99.9

	
0.1

	
-

	
-




	
Winter

	
81.3

	
18.5

	
0.2

	
-




	
Grassland

	
Spring

	
63.8

	
36.2

	
-

	
-




	
Summer

	
3.2

	
33.2

	
63.2

	
0.4




	
Autumn

	
69.0

	
31.0

	
-

	
-




	
Winter

	
93.6

	
5.9

	
0.5

	
-




	
Shrub

	
Spring

	
64.7

	
35.3

	
-

	
-




	
Summer

	
-

	
32.6

	
66.5

	
0.9




	
Autumn

	
35.8

	
64.2

	
-

	
-




	
Winter

	
99.9

	
0.1

	
-

	
-








Note: “-” represented that there was no such drought magnitude in the season.
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Table A2. Water-use efficiency (WUE) sensitivity coefficients in response to seasonal drought in climates regions.
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No Drought

	
Slight Drought

	
Moderate Drought

	
Severe Drought




	
Spring

	
Summer

	
Autumn

	
Winter

	
Spring

	
Summer

	
Autumn

	
Winter

	
Spring

	
Summer

	
Autumn

	
Winter

	
Spring

	
Summer

	
Autumn

	
Winter






	
Arid Region

	
−0.129

	
0.000

	
−0.003

	
−0.164

	
−0.011

	
0.102

	
0.005

	
−0.172

	
0.000

	
0.096

	
0.000

	
0.000

	
0.000

	
0.032

	
0.000

	
0.000




	
Semi-arid Region

	
−0.051

	
−0.006

	
0.000

	
−0.054

	
−0.039

	
0.007

	
0.002

	
−0.002

	
0.000

	
0.039

	
0.000

	
−0.032

	
0.000

	
0.039

	
0.000

	
−0.016




	
Semi-humid Region

	
0.015

	
0.000

	
−0.017

	
−0.078

	
−0.023

	
0.005

	
−0.004

	
0.029

	
0.000

	
−0.005

	
0.000

	
−0.009

	
0.000

	
0.000

	
0.000

	
−0.049




	
Humid Region

	
−0.008

	
0.007

	
−0.017

	
−0.042

	
0.017

	
0.018

	
0.000

	
0.035

	
0.000

	
0.000

	
0.000

	
−0.013

	
0.000

	
0.000

	
0.000

	
0.000
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Figure 1. Map outlining the geographic location (a) and vegetation types (b) of the Loess Plateau. 
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Figure 2. Long-term dynamic characteristics of seasonal standardized precipitation evapotranspiration index (SPEI) in the Loess Plateau. 
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Figure 3. Spatial distribution of seasonal SPEI average (a1–a4) and drought magnitudes (b1–b4) in the Loess Plateau from 2001 to 2019. 
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Figure 4. Spatial (left) and temporal (right) distribution of seasonal vegetation water-use efficiency (WUE) on the Loess Plateau. 
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Figure 5. Spatial distribution of the sensitivity coefficient(γ) of water-use efficiency (WUE) to seasonal drought (SPEI) (a1–a4) and scatter plot of the change in WUE sensitivity of each season in relation to the magnitude of drought (b1–b4). 
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Figure 6. Water-use efficiency (WUE) sensitivity coefficients in response to seasonal drought in climates regions. Note: SP: spring; SU: summer; FA: fall; WI: winter. 
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Table 1. Drought classification is based on the standardized precipitation evapotranspiration index (SPEI).
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	Standardized Precipitation Evapotranspiration Index (SPEI)
	Drought Magnitude





	0 < SPEI
	No drought



	−1 < SPEI ≤ 0
	Mild drought



	−1.5 < SPEI ≤ −1
	Moderate drought



	−2 < SPEI ≤ −1.5
	Severe drought



	SPEI ≤ −2
	Extreme drought
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Table 2. Percentage of the area under different drought magnitudes in each season.
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	Proportion of No Drought
	Proportion of Mild Drought
	Proportion of Moderate Drought
	Proportion of Severe Drought





	Spring
	59.1%
	40.9%
	-
	-



	Summer
	2.5%
	39.8%
	57.2%
	0.5%



	Autumn
	74.1%
	25.9%
	-
	-



	Winter
	94.0%
	5.5%
	0.5%
	-







Note: “-” means that there was no such drought magnitude in the season.
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Table 3. Seasonal WUE of different vegetation types (mg C·mm−1·m−2).
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	Forests
	Shrublands
	Grasslands





	Spring
	2.06
	1.88
	2.17



	Summer
	1.81
	1.54
	1.98



	Fall
	1.74
	0.83
	0.49



	Winter
	0.78
	0.35
	0.21
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