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Abstract: Water use efficiency (WUE) measures the tradeoff between carbon uptake and water
consumption in terrestrial ecosystems. It remains unclear how the responses of WUE to drought
vary with drought severity. We assessed the spatio-temporal variations of ecosystem WUE and
its responses to drought for terrestrial ecosystems in Southwest China over the period 2000-2017.
The annual WUE values varied with vegetation type in the region: Forests (3.25 gC kg~ 'H,0) >
shrublands (2.00 gC kg_lHZO) > croplands (1.76 gC kg_lHZO) > grasslands (1.04 gC kg_lHZO).
During the period 2000-2017, frequent droughts occurred in Southwest China, and overall, drought
had an enhancement effect on WUE. However, the effects of drought on WUE varied with vegetation
type and drought severity. Croplands were the most sensitive to drought, and slight water deficiency
led to the decline of cropland WUE. Over grasslands, mild drought increased its WUE while moderate
and severe drought reduced its WUE. For forests and shrublands, mild and moderate drought
increased their WUE, and only severe drought reduce their WUE, indicating that these ecosystems
had stronger resistance to drought. Assessing the patterns and trends of ecosystem WUE and
its responses to drought are essential for understanding plant water use strategy and informing
ecosystem water management.

Keywords: water use efficiency; drought; gross primary production; evapotranspiration; remote
sensing; resistance; resilience; photosynthesis; water stress; MODIS

1. Introduction

Water use efficiency (WUE) is the ratio of carbon gain (or gross primary production, GPP) to
water consumption (or evapotranspiration, ET). As an important indicator of the coupling between the
carbon and water cycles, WUE closely links biological processes (e.g., photosynthesis, transpiration)
with physical processes (e.g., evaporation) [1,2]. WUE measures the tradeoff between carbon uptake
and water consumption of terrestrial ecosystems, and is an important indicator for understanding the
responses of terrestrial ecosystems to climate change [3].

Ecosystem WUE is influenced by many biological and abiotic factors. For example, a previous
study based on eddy covariance data [4] suggested that forest WUE increased because of the elevated
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atmospheric carbon dioxide concentrations while this hypothesis was challenged by a recent study [5]
based on 30-year tree ring records of carbon and oxygen isotope measurements, basal area increment, and
eddy covariance measurements. This new study [5] disentangled the relative effects of photosynthesis
and stomatal conductance on rising forest WUE, and found that rising forest WUE was mainly due to
enhanced photosynthesis and partly due to reductions in stomatal conductance. WUE also decreased
with the increase of elevation and solar radiation and increased with temperature, precipitation, and
leaf area index (LAI) [6]. Moreover, WUE varies with vegetation type. For example, a previous study
showed that the WUE of deciduous broad forests was higher than that of evergreen needle forests;
stomatal conductance mainly controlled the increase of WUE in deciduous broad forests while the
increase of GPP led to the increase of WUE in evergreen needle forests [7]. In addition, WUE is affected
by drought, and the responses of WUE to water stress vary over space. For example, Liu et al. [8] found
that drought generally reduced WUE in central China but increased WUE in central Inner Mongolia
and Northeast China. Guo et al. [9] found that the WUE increased in Northeast China, Northeast Inner
Mongolia, and some regions with abundant forests in South China, and declined in Northwest and
Central China during drought periods.

Drought has become one of the main obstacles to the health of ecosystems by reducing soil
water availability and plant carbon uptake [10,11]. With the acceleration of global climate change, the
frequency and intensity of drought have been increasing regionally and globally [12-15]. Drought
can limit plant growth and lead to forests fires, crop yield reduction, land degradation, and biological
invasion [3,16,17]. Meanwhile, drought can reduce plant transpiration and disturb the global water
balance [18]. Up to now, the impact of drought on ecosystem WUE has received growing attention
in scientific research [19-25]. A previous study found that annual WUE decreased in moderate and
extreme drought but slightly increased in severe drought [8]. In addition, Yang et al. [10] found that
drought increased WUE in arid areas and decreased WUE in semi-arid and sub-humid areas, and
different ecosystems had different sensitivity to the changes of hydrological and climatic conditions.
However, another study showed that the global WUE had a negative response to drought in arid
areas while it had both positive and negative responses in humid areas [26]. Li et al. [27] found that
the 2009-2010 drought in Southwest China inhibited the growth of vegetation in Yunnan, northern
Guangxi, Guizhou, and eastern Sichuan and led to the decline of primary productivity and carbon
uptake. Although the effects of drought on WUE have been well studied [28,29], it remains unclear
how the responses of WUE vary with drought severity.

In this study, we examined the responses of WUE to drought in Southwest China from 2000 to 2017
using the scPDSI (Self-calibrating Palmer Drought Severity Index) [30] and MODIS (Moderate-resolution
Imaging Spectroradiometer) GPP and ET data. Southwest China has experienced frequent droughts
and provides a test bed for studying the responses of WUE to drought. We examined the spatial and
temporal variations of drought, and analyzed how the responses of WUE to drought varied with
vegetation type and drought severity. Our results can help us better understand the responses and
adaptability of ecosystems to drought.

2. Materials and Methods

2.1. Study Area

Southwest China (97.5-110.2°E, 21.1-34.3°N) is mainly composed of Sichuan, Chongqing, Yunnan,
and Guizhou provinces, and the total land area is 1,138,700 km?2. The natural divisions mainly consist
of the Sichuan Basin, Western Sichuan Plateau, Yunnan-Guizhou Plateau, and the west of Liang-Guang
Hills. The main vegetation types of Southwest China are forests, shrublands, grasslands, and croplands
(mainly including rice, corn, rape, flue-cured tobacco), which account for 18.87%, 16.83%, 22.25%,
and 25.16% of the land area, respectively. Croplands are mainly distributed in the Sichuan Basin and
Zhong-Shan hilly area of Guizhou province; the high-elevation areas, such as the western Sichuan
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Plateau, are mainly covered by grasslands; most of southern Sichuan and Yunnan are dominated by
forests (Figure 1a).

Southwest China is characterized by a large elevation gradient: The elevation of the Sichuan Basin
and its surrounding areas as well as eastern Guizhou is less than 1000 m; the elevation of southern
Sichuan and Northwest Yunnan is between 1000 and 2000 m; and the elevation of the western Sichuan
Plateau is above 3500 m (Figure 1b). Air temperature and precipitation exhibit large variations across
the region. The annual mean temperature is higher than 10 °C in the eastern region and is lower than
0 °C in the western Sichuan Plateau (Figure 1c). The annual precipitation is relatively high (>1000 mm)
in the eastern and southern regions and much lower in the central and northern regions (Figure 1d).
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Figure 1. The land cover, elevation, and climate of Southwest China: (a) land cover types; (b) elevation;
(c) mean annual temperature (MAT); (d) mean annual precipitation (MAP).
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2.2. Datasets

The data used in this study mainly include climate, remote sensing (GPP, ET, and land cover),
drought index, and digital elevation model (DEM). The specific data sets and detailed information on
the data are provided in Table 1.

Table 1. Data information.

Data Name Spatla.l TempoFal Period References
Resolution  Resolution
. Temperature 1km Monthly 2000-2017 China Meteorological Data
Climate Data s X
Precipitation 1km Monthly 20002017 Service Center
DEM 1 km _ 2000 SRTM 90m DEM Digital Elevation
Database
G hi
eog;?ﬁ 1 Data center of resources and
Land Cover 1 km - 2010 environmental sciences, Chinese
academy of sciences
Remote sensing GPP 1 km Monthly 20002017 MOD17A2
products ET 1km Monthly 2000-2017 MOD16A2
Drought index scPDSI 0.5° Monthly 2000-2017 Climatic Research Unit

The monthly temperature and precipitation datasets for the period 2000-2017 were obtained from
the China Meteorological Data Service Center (http://data.cma.cn/). For each grid cell across Southwest
China, the monthly station records were aggregated annually to calculate annual temperature and
annual precipitation for each year over the study period. We also calculated the mean annual
temperature (MAT) and mean annual precipitation (MAP).

The land cover data with a spatial resolution of 1 km obtained from the Data Center of Resources
and Environmental Sciences (http://www.resdc.cn/Default.aspx) was used to identify the vegetation
type of each grid cell. The four broad vegetation types examined in this study are forests, shrublands,
grasslands, and croplands.

The monthly MODIS GPP [31,32] and ET [33,34] data (with a 1-km resolution) during the period
2000-2017 were both obtained from University of Montana (http:/www.ntsg.umt.edu). The reliability
and accuracy of the GPP product (MOD17A2) have been evaluated by many previous studies [35-39],
and it has been compared with ground-based data from various terrestrial ecosystems [32,35]. The ET
product (MOD16A2) is based on meteorological reanalysis data and vegetation attributes [34,40], and
has been evaluated with flux tower data from the United States [40,41], Asia [42], and other regions.

The global monthly Self-calibrating Palmer Drought Severity Index (scPDSI) with a 0.5°-spatial
resolution was obtained from the Climatic Research Unit (https://crudata.uea.ac.uk/cru/data/drought/).
This drought index was used to analyze the drought conditions and the influences of drought on
WUE during the period from 2000 to 2017. The scPDSI metric [30] was proposed based on the Palmer
drought severity index (PDSI) [43], and the scPDSI is more comparable across different climate regimes
than the traditional Palmer drought severity index (PSDI). The scPDSI was calculated from monthly
precipitation and air temperature data at each location. The values of scPDSI range from —5.0 to 5.0,
which indicates drought to humid conditions. Following Wang et al. [44], the wet or dry conditions
are divided into three categories: Drought (scPDSI < —1), normal (-1 < scPDSI < 1), and humid
(1 < scPDSI), while the drought category can be further divided into slight drought, moderate drought,
severe drought, and extreme drought (Table 2).
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Table 2. The wet or dry conditions based on scPDSI.

scPDSI Wet or Dry Conditions
>4 Extreme humid
34 Severe humid
2-3 Moderate humid
1-2 Slight humid
-1-1 Normal
-2—1 Slight drought
-3—-2 Moderate drought
-4—-3 Severe drought
<-4 Extreme drought

2.3. Analysis

For each grid cell in the study region, we calculated annual GPP and ET from the monthly GPP
and ET, respectively, for each year over the period 2000-2017. We then calculated annual WUE for each
grid cell over the 18-year period from annual GPP and ET. The ecosystem WUE (gC kg'H,0) of an
ecosystem can be expressed as follows [45]:

WUE = GPP/ET (1)

where WUE, GPP, and ET are the annual WUE, GPP, and ET, respectively.

In this study, the proportion of the pixels affected by drought in Southwest China was used to
measure the spatial extent of drought across the region. To assess the temporal variations in WUE
and scPDS], the linear trends of per-pixel annual WUE and scPDSI over the period 2000-2017 were
calculated by using the ordinary least square regression (OLSR) method. For each grid cell, the trend
was considered to be statistically significant if the p value was less than 0.05. The grid cells with
missing values were excluded in our analysis.

In order to compare and analyze the effects of drought on WUE, we calculated the difference of
annual WUE (AWUE) between the drought year and the normal year in the same region. If AWUE
values are greater than 0, WUE exhibits positive anomalies and drought likely increases WUE; if AWUE
values are less than 0, WUE shows negative anomalies and drought likely decreases WUE. The nonlinear
correlation analysis was used to study the responses of annual WUE to drought.

The trend of scPDSI from 2000 to 2017 was calculated with the Mann—-Kendall (M-K) method,
following [46,47]. The M-K test does not require that samples follow a certain distribution, and it
is also insensitive to outliers. This method is suitable for data with a non-normal distribution (e.g.,
hydrological and meteorological data). Many previous studies used the M-K method to analyze the
trend in time series of precipitation, temperature, runoff, and water quality [48,49].

3. Results

3.1. Spatial and Temporal Variations of Drought in Southwest China

The total land area affected by drought in Southwest China showed large interannual variations
from 2000 to 2017 (Figure 2a). Overall, the drought area accounted for nearly half of the total land
area in 2006. During the period 2010-2013, the drought area exceeded 55% of the entire region for
four consecutive years. After 2013, the drought area substantially decreased due to the alleviation of
drought. The drought area for the four broad vegetation types showed generally similar interannual
variations (Figure 2b). The severe drought and extreme drought occurred in the region in 2006 and 2010
were also reported in the literature [8,27]. We used the proportion of the drought area in Southwest
China to measure the spatial extent of drought, and selected 2006 and 2010 as two drought years for
further analysis.
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Figure 2. The interannual variations of the drought area (scPDSI < —1) and precipitation in Southwest
China over the period 2000-2017: (a) the drought area and annual precipitation for all vegetated grid
cells; (b) the drought area for different vegetation types.

The spatial distribution, the frequency of drought (scPDSI < —1), and the trend of scPDSI from
2000 to 2017 are shown in Figure 3. On average, most parts of Southwest China were characterized by
“normal” or slight drought categories (Figure 3a). The frequency of drought was relatively high in
Southwestern Yunnan and central Sichuan (Figure 3b). During the 18-year period, drought occurred
more than 10 times for many areas in Southwest China. The Sichuan Basin and the junction of Sichuan
and Yunnan were relatively humid with low drought frequency (0-5 times). Figure 3c showed the
scPDSI trend from 2000 to 2017 calculated with the M-K method. The scPDSI in the Sichuan Basin
showed a significant increasing trend from 2000 to 2017, indicating that this region exhibited a wetting

trend. By contrast, the scPDSI showed a significant decreasing trend in Northwest Yunnan and
Southwest Sichuan, indicating a drying trend in this region.
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Normal |
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Figure 3. The spatial distribution, frequency, and trend of drought as measured by scPDSI in Southwest
China over the period 2000-2017: (a) the spatial distribution of the long-term mean scPDSI; (b) the
frequency map of drought occurrence; (c) the scPDSI trend.

3.2. Spatial and Temporal Variations of WUE in Southwest China

The annual WUE of the terrestrial ecosystems in Southwest China fluctuated greatly from 2000
to 2017 with a multi-year mean value of 1.70 gC kg~'H,O (Figure 4a). Over the entire study period
2000-2017, the annual WUE generally showed a decreasing trend that was statistically insignificant
except for croplands (Figure 4a—e). With the start (2000) and end (2017) years with particularly low
WUE values excluded, the trends of WUE were statistically significant for all vegetated grid cells
(Figure 4a) and croplands (Figure 4e). Moreover, WUE also exhibited a declining trend for each of the
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four main vegetation types (Figure 4b—e). In addition, the mean annual WUE differed among vegetation
types: Forests had the largest WUE (3.25 gC kg~'H,0), followed by shrublands (2.00 gC kg~ 'H,0),
croplands (1.76 gC kg_lHZO), and grasslands (1.04 gC kg_lHZO) (Figure 4b—e).

The annual WUE was relatively high in Yunnan, southern Sichuan, and Southwestern Sichuan
Basin and relatively low in the Western Sichuan Plateau and Guizhou (Figure 5a). The WUE trends
based on the Mann-Kendall method were divided into three categories: Significant increase (slope > 0,
p < 0.05), no significant trend (p < 0.5), and significant decrease (slope < 0, p < 0.05) [49]. The WUE
trends from the Mann-Kendall method are shown in Figure 5b. From 2000 to 2017, most vegetated
grid cells in the study region had no significant trends; The annual WUE in the Sichuan Basin and
northern Sichuan showed significant decreases while the annual WUE in the Northwest, Northeast,
and eastern Yunnan significantly increased. From Figures 3b and 5b, it can be found that the areas with
significant increases in scPDSI (drought relief or wetting) were generally consistent with those areas
with significant decreases in WUE; the areas with significant decreases in scPDSI (drying or drought
aggravation) were generally consistent with those areas with significant increases in WUE. Therefore,
drought had an enhancement effect on WUE over Southwest China.

3
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Figure 4. The variations and trends of spatially averaged annual WUE in Southwest China over
the period 2000-2017: (a) all vegetated grid cells; (b) forests; (c) shrublands; (d) grasslands; and (e)
croplands. The dashed, red lines are the trend lines over the period 2001-2016, and the start (2000)
and end (2017) years of the study period (2000-2017) are excluded to remove the effects of the start
and the end years. The trend lines over the period 2000-2017 are not statistically significant except for
croplands and are not plotted.
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Figure 5. The mean annual WUE and the trend in annual WUE over Southwest China from 2000 to
2017: (a) mean annual WUE; (b) trend of annual WUE.

3.3. Responses of WUE to Drought in Southwest China

The spatially averaged mean annual WUE values under different wet or dry conditions are shown
in Figure 6. The mean annual WUE averaged over all vegetated grid cells increased as the wet or
dry conditions changed from moderate humid to moderate drought. The mean annual WUE of
forests and shrublands generally increased with the wet or dry conditions changing from humid to
drought, and reached their peak values (2.43 and 2.13 gC kg~'H,O, respectively) in moderate drought.
The grasslands were more sensitive to drought with WUE increased to the peak value (1.2 gC kg™'H,0)
under slight drought. The WUE of croplands was the highest for the slight humid category and then
decreased as the wet or dry conditions changed from slight humid to moderate drought.

3.0 =
1B Forests
2.5 |/ Shrublands
|EEE8 Grasslands
= E== Croplands
C.2.0-
=
)
=~ 1.5
@)
of)
-’
= 1.0
=
0.5
0.0 . :
Moderate Slight Normal Slight Moderate
humid humid drought drought

Figure 6. Mean annual WUE spatially averaged for all vegetated grid cells and each of the four broad
vegetation types under different wet or dry conditions.

The percentage of drought area (scPDSI < —1) was used to identify drought years (Figure 2a).
We selected two drought years, 2006 and 2010, for further analysis. The average data of the study
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period 2000-2017, excluding the two identified drought years (2006 and 2010), were used as the normal
year. The AWUE was used to study the impacts of drought on ecosystem WUE. Although the spatial
distributions of WUE in 2006, 2010, and the normal year were generally similar (Figure 7), the WUE
anomalies for 2006 (AWUEj(s) and 2010 (AWUE,p10) showed positive and negative values (Figure 8).
AWUEygp6 and AWUEy(1g generally had opposite values in the Sichuan Basin, southwestern Yunnan,
and Guizhou Province (Figure 8). The effects of drought on WUE were also different for different
vegetation types (Table 3). In 2006, WUE increased for 55.3%, 70.2%, 79.1%, and 80.9% of the grid cells
covered by forests, shrublands, grasslands, and croplands, respectively, and increased for more than
70% of all the vegetated grid cells for the whole region. In 2010, WUE increased for more grid cells for
forests and grasslands and decreased for more grid cells for croplands.

(a) Drought yearsygs (b) Drought year;;o (c) Normal year
=

WUE (gC kg'H,0)

0 1 2 3 4

Figure 7. Spatial distribution of annual WUE in (a) 2006 (drought year), (b) 2010 (drought year), and (c)
the normal year.

(@) AW UE 06 (b) AWUE 999

-5 AWUE (gC kg'H,0)

08 -04 0 04 08

0

-0.8 -0.4 0.4 08

Figure 8. Magnitude and spatial patterns of annual WUE anomalies in Southwest China in 2006 (a)
and 2010 (b). Severe drought areas are delineated by the purple polygons.
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Table 3. Percentages of grid cells with AWUE > 0 and AWUE < 0 in 2006 and 2010 for different
vegetation types and all vegetated areas in Southwest China.

Vegetation Type AWUEgp6 < 0 AWUE3gp6 > 0 AWUE19 <0 AWUE3p19 >0
Forests 44.7% 55.3% 46.4% 53.6%
Shrublands 29.8% 70.2% 50.6% 49.4%
Grasslands 20.9% 79.1% 46.0% 54.0%
Croplands 19.1% 80.9% 78.8% 21.2%
All 27.7% 72.3% 56.4% 43.6%

The areas with severe drought in 2006 and 2010 (Figure 8) were selected to further analyze the
impacts of drought on ecosystem WUE. In 2006, southwestern Yunnan was selected as a typical region
of drought occurrence. In this area, the scPDSI was mostly negatively correlated with WUE because
the moderate and severe drought (—4 < scPDSI < —2) enhanced WUE (Figure 9a,c). In 2010, the WUE
in the area highlighted in Figure 8b showed a quadratic correlation with scPDSI and a peak value was
observed because the extreme drought (=5 < scPDSI < —4) reduced WUE (Figure 9b).
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Figure 9. Responses of monthly WUE to drought: (a) seasonal variations of WUE and scPDSI in the

selected drought region (Figure 8a) in 2006; (b) seasonal variations of WUE and scPDSI in the selected

drought region (Figure 8b) in 2010; (c) the relationship between monthly WUE and monthly scPDSI in

2006; (d) the relationship between monthly WUE and monthly scPDSI in 2010.

We further explored the responses of ecosystem WUE to drought at the monthly timescale for
different vegetation types (Figure 10). The monthly WUE of both forests and shrublands increased
first and then decreased with the aggravation of drought, and the inflection points of WUE were —3.4
and -3.2 for scPDSI, respectively. However, no inflection points in monthly WUE were found for
grasslands and croplands. The monthly WUE of grasslands and croplands linearly and nonlinearly
decreased with increasing drought severity, respectively.
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Figure 10. Responses of WUE to drought at the monthly timescale in areas affected by severe drought
for different vegetation types: (a) forests; (b) shrublands; (c) grasslands; (d) croplands.

The responses of ecosystem WUE to water status at the monthly timescale may be affected by
different plant growth periods. Therefore, we also examined how annual WUE changed with scPDSI
(Figure 11). The relationship between WUE and scPDSI at the annual timescale also varied among
vegetation types. For forests, shrublands, and croplands, annual WUE showed a pattern of increasing
first and then decreasing with the decrease of scPDSI. For grasslands, annual WUE decreased first and
then increased with the decrease of scPDSI. In addition, forests showed relatively strong adaptability
to drought as annual WUE was relatively stable under moderate drought; the WUE of shrublands was
sensitive to drought, and it reached the peak value when scPDSI was near 0; the WUE of grasslands
and croplands were also sensitive to wet or dry conditions; and the valley/peak value of WUE was
reached when scPDSI was —0.5 to 0.

The patterns of annual WUE with changing scPDSI depended on the responses of annual GPP and
ET to scPDSI (Figure 11). GPP and ET had different patterns with the changes in scPDSI. For example,
with the decrease of scPDSI, GPP showed the pattern of first increasing and then decreasing, while ET
continued to slowly decrease. For all the four broad vegetation types, the variations of annual GPP
with scPDSI were generally similar to those of annual WUE. Therefore, the variations in annual WUE
with changing wet or dry conditions were mainly caused by the variations in annual GPP.
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Figure 11. Variations of annual WUE, GPP, and ET with changing wet or dry conditions (scPDSI) over
the period 2000-2017 for forests (a—c), shrublands (d-f), grasslands (g-i), and croplands (j-1).

4. Discussion

Many studies have examined the effects of drought on WUE. Some researchers believed that
drought could lead to a significant increase in the WUE of natural ecosystems [24,50] while others
suggested that drought could reduce the WUE of most ecosystems [51,52]. The responses of water and
the carbon cycle to drought in the terrestrial ecosystem are affected by many biological and abiotic
factors. Previous studies have pointed out that the WUE had a significant intrinsic variability and
plasticity, which may be caused by inheritance [53]. For example, C4 plants generally have a stronger
water use ability than Cj plants [54]. The long-term living environment will affect the adaptability of
plants to drought. Some plants living in arid regions have a high drought tolerance gene [55], which
can improve their resistance to drought stress; some plants (e.g., cactus) increase their resistance to
drought stress through metamorphic leaves [56]. In wet areas, high temperature and high evaporation
can lead to the decline of WUE while for plants in alpine areas, the WUE is often relatively low because
of the high wind speed and solar radiation [50].

Our study shows that overall, drought slightly increased the WUE of most forest, grassland, and
shrubland ecosystems while there were turning points when drought became more severe. The increase
in the WUE suggests that under certain water stress, plants can achieve higher productivity with
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the same amount of water lost to ET or the same productivity with lower ET; when the degree of
water stress exceeds the ability of plant self-regulation, however, drought will reduce the normal
physiological metabolism level of plants [57]. Moreover, drought has different inhibition points on
WUE for different vegetation types. On the whole, croplands had the lowest resistance to drought,
which is also related to the vulnerability and higher productivity of these ecosystems. Therefore,
croplands could require higher stability of water availability, and mild drought can cause fluctuations
of WUE. The WUE of grasslands was also sensitive to drought, and moderate drought (scPDSI = -3 to
—2) could reduce ecosystem WUE. This is consistent with previous research results [58], which found
that grasslands can maintain the normal water metabolic demand through root extension under mild
drought, and improve WUE by controlling transpiration. The grass root system is relatively shallow,
and its drought mediation ability is limited, and more serious water deficit could lead to the decline of
grasslands productivity and WUE. The forests and shrublands in Southwest China are dominated
by perennial deciduous and evergreen forests that have deeper roots and stronger ability to utilize
groundwater; therefore, short-term drought or mild drought could enhance the WUE of forests and
shrublands while more severe or long-term drought could decrease WUE.

The responses of WUE to drought varied with region, season, and vegetation type. The drought
areas in 2010 were characterized by mixed areas of croplands, grasslands, and forests, but the proportion
of croplands was relatively large. With the increase of drought intensity, WUE exhibited a significant
quadratic curve pattern (Figure 9b), which is different from the overall analysis results that drought led
to the decline of WUE in croplands (Figures 6 and 10d). However, WUE and scPDSI showed a negative
correlation (WUE decreased due to drought) from January to June (early and middle growth period)
and positive correlation (drought enhanced WUE) during July to August (mature period). In the early
stage of crop growth (e.g., the jointing stage of corn, the heading stage of rice, the flourishing and
long term of flue-cured tobacco), the cropland growth is faster and is sensitive to water demand, and
therefore the water deficit leads to a serious decline in productivity and WUE. During July to August
(the maturity stage of crops), the plants mainly accumulate dry materials through photosynthesis;
as the roots of crops are well developed, the absorption capacity of roots to soil effective water is the
strongest, and the high ground canopy coverage can also effectively inhibit soil evaporation; thus,
the ecosystem WUE of croplands is relatively high. GPP and ET are two components that directly
influence the change of ecosystem WUE [59-61]. The different sensitivity of ecosystem GPP and ET to
drought results in different responses of WUE to drought. It has been reported that the ecosystem WUE
increased under drought stress because the decrease of GPP was less than that of ET [62]. Contrary to
some previous studies [63], our results showed that the relationships between WUE and drought varied
with vegetation type in Southwest China, indicating the different sensitivity of different vegetation
types to drought.

The responses of WUE to water deficit during drought has been reported in previous studies,
but few studies have been conducted on the changes of WUE after the end of persistent drought
events [64,65]. Studying the responses of WUE following drought can help us understand the ability
of different ecosystems to recover after drought and to cope with another drought [66]. Vegetation has
lagged responses to environmental factors, such as rainfall and temperature, and ecosystem WUE also
has lagged responses to drought [8]. During the drought stress period, the drought in the previous
year and current year both affected the WUE of terrestrial ecosystems (forests, shrublands, grasslands,
and croplands). The regionally averaged WUE had a stronger correlation with drought in the previous
year than with drought in the current year (Table 4). This indicates that the drought in the previous
year could have larger effects on ecosystem WUE than drought stress in the current year. After drought
stress, WUE in the current year was more closely related to the current-year drought than to the
previous-year drought. Therefore, the lag effect of drought was not obvious under normal water
conditions [67,68].
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Table 4. Analysis of the lag effect of drought on WUE.

TIME WUE2007—SCPDSIZ()06 WUE2007—SCPDSIZ()()7 WUE2011 —SCPDSIZ()l() WUEZ()]]—SCPDSIZ()ll
R? 0.45 0.37 0.44 0.36

The differences of ecosystem WUE under different drought conditions found in this study were
consistent with previous results [69]. The spatial differences of WUE were mainly determined by the
environmental factors and the heterogeneity of physiological characteristics among plant species [6].
In addition, the drought resistance of ecosystems depends on various factors, such as drought severity,
drought duration, drought extent, vegetation type, plant growth rate, and inter-species competition,
and scale differences in drought observation. The stability of ecosystems is related to not only the
resistance of plants to water stress but also the recovery of plants (i.e., resilience) [70]. Our results
showed that croplands had a weak resistance to drought. Usually, croplands under a water deficit
would reduce photosynthesis and aboveground biomass and increase underground biomass, and this
is also a survival strategy of ecosystems in arid and semi-arid areas. After severe drought, an ecosystem
needs a recovery period [71]. If another drought occurs, the recovered ecosystem can respond quickly
and to some extent ensure the stability of the ecosystem WUE level [9]. The resilience of ecosystem
WUE found in this study is consistent with previous studies [26,69]. To some extent, ecosystems can
adapt to changing hydro-climatic conditions by adjusting its WUE, and after drought, ecosystems can
restore their pre-drought status through self-regulation with improved soil water availability [72].

5. Conclusions

We analyzed the temporal and spatial patterns of WUE and its responses to drought in Southwest
China using the MODIS data products (GPP and ET) and the scPDSI drought index. From 2000 to
2017, the mean annual WUE differed among broad vegetation types, with forests having the largest
WUE (3.25 gC kg~ 'H,0), followed by shrublands (2.00 gC kg~'H,0), croplands (1.76 gC kg~'H,0),
and grasslands (1.04 gC kg™'H,0). Annual WUE was higher in the Sichuan basin and Yunnan and
lower in Guizhou and western Sichuan Plateau. Annual WUE showed a gradual downward trend
from 2000 to 2017. The WUE was sensitive to drought, and overall, drought had an enhancement effect
on WUE. However, the responses of WUE to drought varied with vegetation type and drought severity.
WUE was the most sensitive to drought over croplands, and a slight water deficit was likely to reduce
cropland WUE. The drought resistance of grasslands was relatively weak because of its shallow root
system; mild drought could increase its WUE while moderate and severe drought could reduce its
WUE. The adaptability of forests and shrublands to drought was relatively strong; moderate drought
could increase their WUE, and only severe drought could reduce their WUE. Our findings can help us
better understand plant water use strategy and inform ecosystem water management.
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