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Abstract: An increase in vegetation greenness can improve ecosystem productivity, but also reduce
the water supply, creating the potential for conflicting water demands between ecosystems and
humans. This problem has been well-assessed and is most evident in dry environments. However,
in humid regions, the potential effects of vegetation greenness on water yields under drought
conditions are not well understood. To address this gap, we focused on the Poyang Lake watershed
in the humid region of southern China. Based on the Standardized Precipitation Evapotranspiration
Index and a satellite-derived leaf area index dataset during the growing seasons of 1984 to 2013,
several typical dry growing seasons were selected as the study conditions. An existing Water Supply
Stress Index model was modified to investigate how the changes in vegetation greenness affected
water yield and to explore potentially conflicting water demands between ecosystems and humans
under drought conditions. Our results showed that an increase of 20–80% in vegetation greenness
generally resulted in a reduction of 3–27% in water yield under drought conditions. Large reductions
in water yield mainly were observed in forested areas due to large increases in forest greenness.
Moreover, increased vegetation greenness caused a 2 to 3 times greater reduction in water yield
during continuing and intensifying droughts than during a short moderate drought period. Thus,
in this study, during continuing and intensifying droughts, increased vegetation greenness can
cause or aggravate water conflicts in sub-watersheds with high forest cover and high human water
demands. Therefore, given the increasing frequency of extreme climatic events, afforestation with
a targeted approach should be implemented as it would provide the most benefits. In addition,
selective harvesting in forested areas with high density could be an effective strategy to maintain
water supply in humid regions.

Keywords: vegetation greenness; water yield; growing-season drought; Poyang Lake watershed;
Water Supply Stress Index
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1. Introduction

Over the last three to four decades, using the satellite-observed leaf area index (LAI) or
normalized difference vegetation index (NDVI), several researchers have found that the vegetation
greenness has been increasing in most parts of the Northern Hemisphere, especially in China [1–3].
Increased vegetation greenness, resulting from watershed management projects such as afforestation,
reforestation, and improved agricultural practices, can improve terrestrial ecosystem productivity [4,5].
However, some studies have shown that vegetation greening can reduce watershed water yield (also
referred to as streamflow or runoff); thus, it can reduce the water resources available for humans [1,6,7].
In fact, in arid and semi-arid areas, numerous studies have suggested that increased vegetation
greenness can induce water demand conflicts, but few studies have investigated water yield responses
on increased vegetation greenness in humid areas [4,8].

If unpolluted water within a region is less than that region’s demand by social-economic systems,
a water crisis will arise [9]. Given the water crisis, prior studies of water yield responses on vegetation
greening were concentrated on some water-limited arid and semi-arid regions [10–12]. For example,
Feng et al. [13] showed that water yield decreased by 1–48 mm year−1 in 37% of the regions of the Loess
Plateau of China due to revegetation. Feng et al. [4] noted that revegetation on the Loess Plateau was
approaching the sustainable water resource limits based on different process-based ecosystem models.
Moreover, due to climate change, the net primary productivity threshold could change within a range
of 383–528 g C m−2 year−1 in the future [4]. Liu et al. [1] illustrated that vegetation greening decreased
water yield at the large basin and national scales. They also suggested that, given the water crisis in
dry regions, afforestation effects should focus on humid regions. Adoption of revegetation through
afforestation to reverse ecosystem degradation in water-limited areas has been controversial in terms
of water resources. However, have similar negative effects on the water supply also occurred under
drought conditions in humid regions? Answering this question could inform watershed management
projects and ensure efficient and effective management of sustainable water resources in these regions.

In humid regions, frequently occurring droughts, especially during growing seasons, could
exacerbate over the next few decades in the context of global warming [5,14,15]. For example, large
magnitude droughts caused by climate change could be clustered in the downstream area of the
Yangtze River. Droughts could become more prolonged and intense due to global warming [15,16].
Such droughts threaten humid areas with water scarcity [17,18]. However, it is difficult to determine
whether humid regions with increased vegetation greenness would result in water conflicts under
drought conditions.

The Poyang Lake watershed is a typical humid area in the Southern China and includes the
largest freshwater lake in China. It covers 9% of the entire Yangtze River basin and provides 17%
of the water volume of the Yangtze River [19]. Since 2000, droughts have become more frequent,
especially during autumn and summer. These droughts will continue to intensify in the future, placing
tremendous pressure on water resources [17,20]. Meanwhile, the Poyang Lake watershed has witnessed
severe soil erosion, primarily due to deforestation from the 1950s to 1980s [21]. To restore degraded
ecosystem services, the Chinese government and local authorities initiate a series of watershed
management projects, such as Mountain-River-Lake watershed management project and the Grain to
Green programme [22,23]. These programmes have improved vegetation growth and contributed to
vegetation greening [2]. According to the eighth national forest inventory, forest coverage in Jiangxi
Province increased from 36% in 1985 to 56% in 2011. However, vegetation greening can decrease water
yield and result in a water shortage in dry environments [1,24]. Therefore, the effects of vegetation
greenness changes on water yield should be understood to assess the possibility of conflicting water
demands occurring between ecosystems and humans under drought conditions in this watershed.

This study aims to assess the effects of the changes in vegetation greenness on water yield
and the potentially conflicting demands for water linked to increased vegetation greenness under
different intensities of growing-season drought in the Poyang Lake watershed from 1984 to 2013. First,
the Standardized Precipitation Evapotranspiration Index (SPEI) was utilized to evaluate droughts of
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differing intensity and satellite-derived LAI data was used to detect vegetation greenness changes
from 1984 to 2013. Second, the data for several typical dry growing seasons were selected to simulate
the impact difference among different levels of drought. Third, in the typical growing season, we used
a modified version of the Water Supply Stress Index (WaSSI) model to assess how the changes in
vegetation greenness affect water yield under drought conditions in the study area. The modified
version of WaSSI model along with the original LAI and land cover data while keeping the LAI and
land cover data constant was used to conduct the two model simulations, respectively. Finally, the two
model simulations were used to assess the effects of vegetation greenness changes on water yield.
The conflicting demands for water between ecosystems and humans linked to increased vegetation
greenness were explored.

2. Data and Methods

2.1. Study Area

The Poyang Lake watershed is in the middle reaches of the Yangtze River basin (Figure 1a).
The area of the Poyang Lake watershed is 162,200 km2, and covers 97% of the Jiangxi provincial
territory. The physical boundary of the Poyang Lake watershed is shown in Figure 1b, nearly matching
the provincial administrative boundary. The Poyang Lake watershed consists of five main river
sub-watersheds, including the Gan River (Gan), Fu River (Fu), Xin River (Xin), Rao River (Rao), and Xiu
River (Xiu), and the Poyang Lake area (PL). Forest and cropland are the two main vegetation types
in this watershed (Figure 1b), which has abundant forest resources and is also an important national
rice-producing base in southern China. According to the Jiangxi Statistical Yearbooks, the population of
the Province, comprising 3.5% of the country’s population, increased from 33.84 million to 45.42 million
with a mean growth of 1.05% year−1 over the last fifteen years.
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Figure 1. (a) Location of the Poyang Lake watershed in China; (b) The land-cover types in 2001
from the Moderate Resolution Imaging Spectroradiometer (MODIS) product, the distribution of
hydro-meteorological gauges, the location of the eddy covariance (EC) flux site in Qianyanzhou
(marked in saffron yellow), and the five main river sub-watersheds (including the Gan River (Gan),
Fu River (Fu), Xin River (Xin), Rao River (Rao), and Xiu River (Xiu)) and the Poyang Lake area (PL) in
the Poyang Lake watershed.

Poyang Lake watershed is a typical humid area of southern China. The humid subtropical climate
in the Poyang Lake basin is characterized by the East and South Asian monsoons. The growing season
extends from April to October. According to meteorological observation data collected from 2000 to
2013, the mean multiannual temperature and precipitation of the Poyang Lake basin were 18.03 ◦C
and 1699.23 mm, respectively. The spatial and temporal distribution of precipitation was quite uneven,
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with the highest precipitation occurring between April and June, comprising 45–50% of the annual
total precipitation.

2.2. Drought Assessment

The newly defined SPEI [25] for assessing drought intensity was computed based on a three-month
time scale (SPEI_3). The SPEI_3 represents seasonal variation in droughts and is used to detect
growing-season droughts. We used the SPEI_3 to detect growing-season droughts of four categories
(mild, moderate, severe, and extreme) for the Poyang Lake watershed from 1984 to 2013, based on the
SPEI_3 classification scheme [26] (Table S1).

2.3. Vegetation Greenness Changes Detection

Vegetation greenness is represented by satellite-derived LAI for the period of 1984 to 2013.
As time series data, LAI reflects dynamic changes in vegetation growth and is a required variable in
the modified WaSSI model when evaluating water yield [3,27].

The changes in growing-season LAI over the 30-year period were examined using the
Mann-Kendall (MK) and Sen’s slope methods [28,29]. Sen’s slope measures the magnitude of a trend.
A Sen’s slope value greater than zero indicates a rising trend and vice versa. The MK trend test is
utilized to quantify the significance of trends in a time series. A standardized test statistic equaling or
exceeding the confidence interval indicates a significant trend. In this study, several growing seasons
with different drought intensities during a period with significant increase in LAI were selected for
further analysis.

2.4. WaSSI Model and Its Modification

2.4.1. WaSSI Model

The WaSSI model is a process-based ecosystem model that can simulate water, energy and carbon
cycles at a watershed scale. It has been successfully applied in many countries such as the U.S.
and Mexico [27,30]. Compared to other process-based ecosystem models, the WaSSI model has two
advantages: (1) it can simulate the water cycle in a changing climate, and (2) the input data for this
model can be acquired more easily than those of other models [27].

The WaSSI model is run at monthly time step, and is driven by meteorological variables
(precipitation, temperature), remotely sensed LAI, land cover types, and soil property data. The WaSSI
model consists of hydrology and carbon modules. The hydrology module was used in this study to
calculate water yield. The model simulates hydrologic processes (water yield, evapotranspiration (ET),
and soil moisture storage) for each land cover type at the hydrological response unit (HRU) scale across
the Poyang Lake watershed. As the core part within the hydrology module, ET is first approximated
as a function of potential evapotranspiration (PET), LAI, and precipitation. Then, the actual ET
is calculated by constraining this estimated value with the Sacramento Soil Moisture Accounting
(SAC-SMA) model. Hydrologic processes including water yield infiltration and soil moisture storage
are also estimated by algorithms in the SAC-SMA model. More details concerning the WaSSI
model can be found in the WaSSI Ecosystem Services Model User Guide [27,31]. The WaSSI model,
however, underestimated PET in the Poyang Lake watershed (Figure S1), and the ET algorithm,
which determined the accuracy of water yield, did not take the influence of land cover heterogeneity
into consideration [32]. Thus, we modified the WaSSI model to fit the study area.

2.4.2. Modifying the WaSSI Model

PET is calculated using the Harmon equation [30] as follows (Equation (1)):

PET = 0.1651 × N × K × ρw × KPEC, (1)



Forests 2018, 9, 24 5 of 19

where N is the number of days in the month; K is the daytime length (units of 12 h); ρw is the
mean saturated vapor density of the air every month (g/m3); and KPEC is the correction factor
to adjust PET [33]. Compared to PET from the Moderate Resolution Imaging Spectroradiometer
(MODIS) product [34], PET was underestimated by the original WaSSI model, and the value of KPEC
in Equation (1) was adjusted to 1.2 in this study (Figure S1).

Moreover, only the influence of forest was considered in the ET algorithm of the original WaSSI
model [27], not the influence of land cover heterogeneity, leading to overestimation in ET. In fact,
land cover heterogeneity is high in the Poyang Lake watershed. Besides forest, cropland also plays
an important role in the Poyang Lake watershed. Hence, ET in cropland should be estimated as well.
Another empirical ET equation as a function of PET, LAI, and precipitation, derived from the cropland
ecosystem-level ET based on eddy covariance [35], was added to this study.

2.5. Driving and Validation Data

The fundamental geography data for the WaSSI model include watershed boundary, basin river
system, and Digital Elevation Model (DEM) data. DEM data with 90 m spatial resolution were
obtained from the CGIAR-CSI SRTM 90 Database [36]. The DEM data and basin river system were the
parameters for calculating the HRU, which is the driving parameter for the WaSSI model. The HRU was
calculated using the Soil and Water Assessment Tool (SWAT) model within an ArcGIS platform [37].
According to the division standards of the Hydrologic Unit Code of the United States Geological Survey
(USGS) and the optimum boundary method, the Poyang Lake watershed was divided into 351 HRUs,
which belong to five main river sub-watersheds: the Gan River, Fu River, Xin River, Rao River, and Xiu
River, as shown in Figure 1b, respectively [27,38]. Moreover, to run the WaSSI model, all the input data
were re-scaled to the HRU watershed scale from raster data with various spatial resolutions.

Meteorological forcing data including monthly precipitation and temperature from 1984 to 2013
were obtained from the National Climate Centre of the China Meteorological Administration (CMA) at
19 stations in and around the Poyang Lake watershed. The Meteorological data were used to calculate
the SPEI. In addition, all the meteorological data were spatially interpolated by inverse distance
weighting (IDW), which were used for running the model.

The Global Inventory Modeling and Mapping Studies (GIMMS) LAI with a spatial resolution
of 1/12 degree and a temporal resolution of 15 days from 1984 to 2013 were used for detecting the
trend in vegetation and running the model. This product is derived from the third generation of the
Normalized Difference Vegetation Index from the GIMMS group and an artificial neural network
model [39]. The quality of the GIMMS LAI dataset has been assessed, and this dataset was suitable for
applications in other disciplines [39]. In addition, the 15-day GIMMS LAI images were combined into
monthly mean LAI composites for this study.

To characterize the land use and land cover change (LUCC) in the Poyang Lake watershed,
we used the land cover maps for water yield simulation. Land information with a resolution of 500 m
from 2001 to 2013 was provided by the MODIS Collection 5 Land Cover product (MCD12Q1) [40].
In addition, land information with a resolution of 500 m from 1992 using AVHRR data was provided
by the global land cover dataset (IGBP-DISCover) (referred to as LUCC1992). All these are based on
the International Geosphere-Biosphere Programme (IGBP) land cover classification system. The land
cover types were further differentiated for the required land cover classification system, including
cropland, deciduous forest, evergreen forest, mixed forest, grassland, shrub land, wetlands, open
water, urban, and barren land (Figure 1b). In addition, the LUCC1992 and the MODIS land cover
product in 2013 were used to evaluate the forest cover changes [41–43].

Soil data used for running the model were obtained from the gridded Global Soil Dataset [44].
This soil dataset, with a spatial resolution of 1km, was developed by the Land-Atmosphere Interaction
Research Group at Sun Yat-sen University. It provides soil information including topsoil texture,
drainage class, etc., to compute the related parameters of soil water content.
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To assess the performance of the existing version of the WaSSI model, the annual MODIS PET
product (MOD16A3) from 2000 to 2013 with a spatial resolution of 1km was used [45]. Furthermore,
to compare the performance of modified WaSSI model at the monthly scale, the validation datasets
included observed streamflow and actual ET. Observed streamflow (monthly water yield) from five
gauging stations in the main tributaries of the Poyang Lake watershed were selected to assess model
performance at the monthly scale (Figure 1b). The monthly streamflow data from 2000 to 2010 were
obtained from the Jiangxi Provincial hydrological bureau. The observed actual ET data were collected
from the eddy covariance (EC) flux site in Qianyanzhou from 2003 to 2004 (Figure 1b) [46].

2.6. Scenarios Designed

In this study, we designed two groups of scenarios to assess the effects of vegetation greenness
on water yield using the modified WaSSI model (Table 1). Scenario I (S1) allowed all factors (LAI,
LUCC, precipitation and temperature) to change from 1984 to 2013 as the true scene. Based on this
scenario, the performance of the modified WaSSI model could be validated. Scenario II (S2) allowed
the meteorological variables to change, but the LAI variable was fixed at the level of the 1984–1989
mean (i.e., the multi-year mean for an individual month), and the land cover data variable was fixed
at the level of 1992. It was assumed that the vegetation greenness had no change during the study
period. The relative difference (%) in water yield between the S1 (real change in vegetation greenness)
simulation and S2 (unchanged vegetation greenness) simulations was used to evaluate the effects of
vegetation greenness changes on water yield.

Table 1. Design of simulation scenarios in this study. Solid circle ( ): the input variable changes from
1984 to 2013; open circle (#): the input variable of LAI is fixed at the level of the 1984–1989 mean
(i.e., the multi-year mean for individual month) and the input variable of LUCC is fixed at the level
of +1992.

Scenario LAI LUCC T P

S1
S2 # #

LAI, leaf area index; T, temperatures; P, precipitation; LUCC, land use and land cover change.

To explore potentially conflicting water demands between ecosystems and humans caused
by vegetation greenness changes during different growing season drought intensities, the water
yield in S1 and S2 was compared to the maximum water demand of socio-economic systems.
The water conflict between ecosystems and humans was defined as when, in a given growing season,
the maximum water demand by socio-economic systems exceeded the water yield over this watershed.
Furthermore, the maximum water demand by socio-economic systems was defined as the water
demand by socio-economic systems divided by the utilization ratio (the ratio of water consumption
by socio-economic systems to the total amount of water resource in a region) of water resources over
the Poyang Lake watershed. According to the bulletin published by the Jiangxi Province Ministry of
Water Resources, surface water can meet 96% of the total water demands by socio-economic systems
(including domestic use, agricultural irrigation, industry, fishing, and animal husbandry) in the
Poyang Lake watershed; the other 4% comes from groundwater. Therefore, this study assumed that
the water demand by socio-economic systems all came from surface water; groundwater was ignored.
In addition, the 21.5% utilization ratio of water resources in the Jiangxi Province Ministry of Water
Resources Bulletin was used in this study.

3. Results

3.1. Identifying Droughts with Differing Intensity

When the growing season SPEI_3 value was less than zero, a drought occurred. As shown in
Figure 2a, growing season SPEI_3 averaged over the Poyang Lake watershed exhibited a downward
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trend with two periods of sharp increases: 2002–2007 and 2008–2013. Between 2002 and 2007, extensive
growing season droughts (SPEI_3 < −0.5) occurred every three years. In contrast, extensive growing
season droughts occurred every other year from 2008 to 2013. This indicates that the Poyang Lake
watershed experienced a higher frequency of extensive growing season drought from 2008 to 2013
than that from 2002 to 2007.Forests 2018, 9, 24  7 of 19 
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Figure 2. (a) Mean growing season Standardized Precipitation Evapotranspiration Index at
a three-month time scale (SPEI_3) over the Poyang Lake watershed during the period 1984 to 2013.
The horizontal dashed lines indicate the mean growing-season SPEI_3 in the five periods of 1984–1989,
1990–1995, 1996–2001, 2002–2007, and 2008–2013, respectively; (b) Area-averaged SPEI_3 in the Poyang
Lake watershed during the growing seasons of 1984–2013.

According to the drought standard in Table S1, droughts of various categories were identified
according to area-averaged SPEI_3 in the Poyang Lake watershed during the growing seasons of
1984–2013 (Figure 2b). Moderate drought occurred nine times during 1984–2013, with the 2008–2013
period having the most. From 2008 to 2013, moderate drought occurred throughout the entire growing
season in 2009, while moderate drought occurred late in the growing season in 2013. Severe drought
occurred just three times before 2008. In contrast, extreme drought occurred just one time during
the growing seasons from 1984–2013: during the early growing season of 2011. This indicates that
drought duration was prolonged and that drought intensity increased from 2008 to 2013, especially in
the growing seasons of 2009, 2011, and 2013.

In addition, for six sub-watersheds, during the growing seasons of 2009 and 2011, all sub-watersheds
were also hit by long-duration moderate droughts and short-duration extreme droughts, respectively
(Figure S2). During the growing season of 2013, the six sub-watersheds experienced various
intensities of drought, although the entire watershed experienced short-duration moderate drought
(Figures 2b and S2).

3.2. Variation of Vegetation Greenness

The trend of vegetation greenness for the Poyang Lake watershed was examined using the
growing season LAI during the period from 1984 to 2013 (Figure 3). The watershed-averaged vegetation
greenness as characterized by growing season LAI exhibited a significant increasing trend (ρ < 0.05)
from 1984 to 2013, with one period of sharp increase: 2008–2013 (Figure 3). Vegetation restoration
was most extensive in the period between 2008 and 2013, due to Mountain-River-Lake watershed
management programme and the “Grain for Green” project in the study watershed [22,23].
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To assess the effects of vegetation greenness changes on water yield under different intensities of
drought, the dry growing seasons of 2009 (moderate drought throughout the entire growing season),
2011 (short-duration extreme drought), and 2013 (short-duration moderate drought) were used in
this study (Figure 4). These were chosen because vegetation greenness significantly increased during
the growing seasons of 2008–2013 (Figure 3). Meanwhile, the Poyang Lake watershed experienced
more frequent and extensive droughts of various intensities during the growing season of 2008–2013
(Figure 2).
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Figure 4 shows the changes in vegetation greenness as characterized by LAI for the dry growing
seasons of 2009, 2011 and 2013 with reference to the mean growing season LAI from 1984–1989.
Large areas of the Poyang Lake watershed exhibited increases of 20–80% in growing season LAI except
for the southern and northern tips of the Poyang Lake watershed during the three growing seasons
with droughts of various intensity. Pixels increasing in LAI accounted for 92.6%, 95.3% and 92.2% of
the total during the growing seasons of 2009, 2011 and 2013, respectively. This indicated that although
the Poyang Lake watershed experienced droughts of various intensities, large areas of the watershed
exhibited increases in vegetation greenness.
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The spatial distribution of increased vegetation greenness was similar, while their magnitudes
varied under the different intensities of drought conditions. Compared to the mean growing season
LAI during 1984–1989, the areas with an increase of 40–80% in growing season LAI accounted for 10.2%
of the entire watershed in 2009, which was less than that in 2013. The reason is that the watershed
experienced longer duration of moderate drought in the growing season of 2009 than in that of 2013.
The areas with large increase (40–80%) in growing season LAI were sporadically distributed in the
middle reaches of the Gan River, the upper reaches of the Xiu River, and portions of the Poyang
Lake area. In contrast, the areas with large increased vegetation greenness during the growing
season of 2011 were twice that seen during moderate drought because the Poyang Lake watershed
experienced a short-duration extreme drought during the early growing season of 2011 (Figure 2b).
This was also observed in the middle reaches of the Gan River, the middle and lower reaches of the Fu
Rive, and portions of the Poyang Lake area, because these are the key forest areas in the watershed
management programmes. The watershed management programmes aim to implement afforestation
and reforestation, resulting in an obvious increase in forest cover in these areas (Figure 5a). In addition,
the watershed management programmes also improved agricultural management practices in these
regions, resulting in an obvious increase in cropland cover in portions of the Poyang Lake area,
leading to large increases in vegetation greenness in this area (Figure 5b).
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3.3. Validating the Modified WaSSI Model

In this study, the measured actual ET from the EC flux site and water yield (runoff) data from
the five river sub-watersheds were collected to evaluate the ability of the modified WaSSI model in
simulating actual ET and water yield, respectively.

The scatter plot of the measured actual ET vs. modelled actual ET (2003–2004) provides evidence
for the capability of the modified WaSSI model to simulate actual ET (Figure 6). The modelled actual
ET was related to the observed actual ET with a coefficient of determination (R2) of 0.83. Moreover,
the observed and the modelled actual ET were distributed along the 1:1 line with a mean bias of
−2.03 mm month−1 and a root mean square error (RMSE) of 15.15 mm month−1.

Comparisons between the modeled water yield and observed water yield for the Poyang Lake
watershed from 2000 to 2010 (Figure 7) indicated that the modified WaSSI model performed well as
judged by the model statistics (R2 = 0.83; RMSE = 23.23 mm month−1). The mean bias of the modelled
water yield was −1.69 mm month−1, suggesting that the model slightly underestimated water yield in
this watershed. This result is reasonable as the model failed to consider the effect of dams on water
yield. Overall, the model simulated the monthly water yield well.
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3.4. Effects of Vegetation Greenness Changes on Water Yield under Different Intensities of Drought at a Spatial Scale

The modified WaSSI model was used to simulate the S1 (real change in vegetation greenness)
and S2 (keeping vegetation greenness unchanged) scenarios. Then, the differences in water yield
between the two simulations were used to examine the effects of vegetation greenness changes on the
magnitude and spatial patterns of water yield under different intensities of growing season droughts
(Figure 8). Decreases in vegetation greenness under different drought intensities generally led to
an increase in water yield, which was discovered in a few areas. However, the effects of increased
vegetation greenness on the magnitudes and spatial patterns of water yield varied under different
drought intensities. During a short-duration extreme drought or a long-duration moderate drought,
the decreases in water yield resulting from increased vegetation greenness were two to three times
greater than that during a short-duration moderate drought. In addition, there were larger variations
in the differences between the forest and cropland areas due to the vegetation characteristics and
human influences under different drought intensities. Large decreases in water yield were mainly
observed in forest areas where forest greenness largely increased.

For a few areas with increases in vegetation greenness, abnormal differences in water yield
between the two simulations were observed under different drought intensities. For example,
an increase of more than 18% in water yield was observed in the lower reaches of the Gan River and
the portions of the Poyang Lake area with much cropland cover, while a reduction of 18–65% in water
yield was observed in the lower reaches of the Gan River with much cropland cover. This indicated
that the effects of increased cropland greenness on water yield were complex under different intensities
of drought, due to the effects of human activities including irrigation.
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However, in most areas with increases in vegetation greenness, an increase of 20–80% in vegetation
greenness generally led to a reduction of 3–27% in water yield under different intensities of drought
(Figures 4 and 8). A large decrease in water yield (9–27%) was observed in the middle reaches of
the Xiu River with large increased forest greenness (20–60%) during the long-duration moderate
drought (the growing season of 2009). During the short-duration moderate drought (the growing
season of 2013), a reduction of less than 9% in water yield was observed in most areas with increased
vegetation greenness. A large reduction in water yield (3–9%) was mainly observed in the upper
and middle reaches of the Gan River with an increase of 20–60% in forest greenness. Furthermore,
during an extreme drought, a large reduction in water yield (9–27%) was observed in the middle
and the upper reaches of the Gan River with a large increase in forest greenness (40–80%) during the
growing season of 2011. This indicated that increased vegetation greenness may lead to a greater
reduction in water yield under a long-duration moderate drought or a short-duration extreme drought.

3.5. Effects of Greenness Change on Water Yield under Different Intensities of Drought at Watershed and Large
Sub-Watershed Scales

The differences in water yield between the two simulations (S1–S2) were used to examine the
effects of vegetation greenness changes on water yield under growing season drought conditions at
watershed and large sub-watershed scales (Table 2).

Table 2. The difference in area-averaged water yield stands for the difference between the S1 and S2
simulations and the changes in area-averaged LAI for the entire watershed and six sub-watersheds
during the growing seasons of 2009, 2011, and 2013.

Watershed
2009 2011 2013

LAI
Change (%)

Difference in
Water Yield (%)

LAI
Change (%)

Difference in
Water Yield (%)

LAI
Change (%)

Difference in
Water Yield (%)

Gan 19.3 −2.0 32.0 −4.9 24.9 −1.3
Fu 22.7 −7.9 34.2 −10.9 20.0 −5.0
Xin 21.0 −4.3 27.9 −3.6 20.4 −2.8
Rao 16.5 −0.7 9.5 −1.5 3.0 −0.2
Xiu 29.2 −10.1 19.2 −2.9 24.1 −2.1

Poyang Lake
area 25.9 −8.5 29.8 −4.4 31.1 −2.0

Entire
watershed 21.3 −5.6 28.5 −4.7 22.9 −2.2

The differences in watershed-averaged water yield from both simulations exhibited decreases in the
dry growing season of 2009, 2011, and 2013, respectively (Table 2). The decreases in watershed-averaged
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water yield resulting from increases in vegetation greenness in dry growing season of 2009 and 2011 were
higher than those in the growing season of 2013. Meanwhile, the Poyang Lake watershed experienced
a long-duration moderate drought, a short-duration extreme drought, and a short-duration moderate
drought during the growing seasons of 2009, 2011, and 2013, respectively. Our results indicated
that at the watershed scale, increased vegetation greenness caused reduction in water yield under
different intensities of drought, and the watershed-averaged water yield reduction during long
long-duration moderate drought or short-duration extreme drought was two times larger than that
during short-duration moderate drought.

We further examined the effects of vegetation greenness changes on water yield at large
sub-watershed scales (Table 2). The growing season mean LAI averaged at the six sub-watersheds
exhibited increases under different intensities of drought, while the growing season water yield from both
simulations (S1 minus S2) exhibited decreases. This indicated that the increased vegetation greenness had
negative effects on water yield at the large sub-watershed scale under different intensities of drought.

During the growing seasons of 2009 and 2011, all six sub-watersheds experienced long-duration
moderate droughts and short-duration extreme droughts, respectively (Figure S2). Under these
drought conditions, the water yield reduction coincided with increased vegetation greenness.
The strongest negative differences in growing season water yield between the two simulations were
observed in the Xiu sub-watershed and the Fu sub-watershed during the growing season of 2009
and 2011, due to the largest increases in LAI in the Xiu sub-watershed and the Fu sub-watershed,
respectively. In contrast, during the dry growing season of 2013, because the drought duration
and drought intensity in the Fu sub-watershed were more than that in the Poyang Lake area
(Figure S2), the strongest negative difference in growing season water yield (−5%) between the
two simulations was observed in the Fu sub-watershed, where the increased LAI was 20%. In the
Poyang Lake area, the largest increase in the LAI (31.3%), resulted in a 2% reduction in water yield.
This result indicates that the area-averaged water yield would be further reduced during continuing
and intensifying drought.

Overall, our results show that at the watershed and large sub-watershed scales, increased
vegetation greenness had negative effects on growing season water yield during different intensities
of drought. Moreover, during continuing and intensifying drought, increased vegetation greenness
would lead to twofold greater reductions in water yield than during short-duration moderate drought.

3.6. Potential Water Demand Conflicts between Ecosystems and Humans

According to the Water Resources bulletin published by Jiangxi Province Ministry (http://www.
jxsl.gov.cn/), the annual water consumption by socio-economic systems in the Poyang Lake watershed
increased from 72.99 to 96.99 billion cubic metres (bcm) from 1999 to 2013 with a mean growth rate of
2% year−1. Meanwhile, increases in vegetation greenness could reduce water yield in the Poyang Lake
watershed under different intensities of drought. Therefore, potential water demand conflicts between
ecosystems and humans were explored under growing season drought conditions.

To assess conflicting demands for water between ecosystems and humans resulting from increased
vegetation greenness, a comparison of maximum water demand by socio-economic systems (Sm),
water yield in S1 (real change in vegetation greenness) and S2 (unchanged vegetation greenness) was
explored for the Poyang Lake watershed and six sub watersheds of different intensities of drought
(Figures 9 and 10). On the one hand, when the difference between S1 and Sm (D1) is less than zero and
the difference between S2 and Sm (D2) is greater than zero, increased vegetation greenness may cause
conflicting demands for water between ecosystems and humans. In addition, if the D1 and D2 are both
less than zero and the D1 is less than D2, increased vegetation greenness may aggravate conflicting
demands for water between ecosystems and humans.

http://www.jxsl.gov.cn/
http://www.jxsl.gov.cn/
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Figure 9. Comparison of maximum water demand by socio-economic systems, water yield in S1
(real change in vegetation greenness) and water yield in S2 (unchanged vegetation greenness) under
different growing-season drought conditions at a watershed scale. D1: The difference between water
yield in S1 and maximum water demand by socio-economic systems; D2: The difference between water
yield in S2 and maximum water demand by socio-economic systems. bcm: billion cubic metres.
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At the averaged-watershed scale, the D2 was positive in the Poyang Lake watershed, while
the D1 was negative, indicating that increased vegetation greenness may have cause conflicting
water demands between ecosystems and humans during the dry growing season of 2009. However,
during the dry growing season of 2011 and 2013, D1 and D2 were both positive, which indicates that no
water conflict occurred during the growing season of 2011 and 2013. The reason was that the Poyang
Lake watershed experienced long-duration moderate drought during the growing season drought in
2009, while it experienced short-duration moderate and extreme drought during the growing season
of 2011 and 2013, respectively (Figure 2b). The reduction in water yield resulting from increased
vegetation greenness during the growing season of 2009 was greater than that during the growing
season of 2011 and 2013 (Table 2). These results show that increased vegetation greenness could cause
water conflict during prolonged moderate drought at the watershed scale.

We further estimated the water conflict between ecosystems and humans resulting from increased
vegetation greenness under different drought intensities at the large sub-watershed scale (Figure 10).
During the growing season of 2009, the increased vegetation greenness could cause water conflict in
the Gan sub-watershed, where D1 was −9.4 bcm and D2 was 2.1 bcm. The increased vegetation
greenness could aggravate water conflict in the Poyang Lake area (D1< D2 < 0). During the
growing season of 2011, the increased vegetation greenness could aggravate water conflict in the
Gan sub-watershed and the Poyang Lake area, while the situation could be further worsened in the
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Gan sub-watershed (D1 = −33.4 bcm). Meanwhile, the Fu sub-watershed could experience water
conflict as well (D1 = −8.8 bcm, D2 = 3.6 bcm). During the growing season of 2013, D1 (−12.9 bcm)
was slightly less than D2 (−11.5 bcm) in the Poyang Lake area, which indicated that the increased
vegetation greenness somewhat aggravated water conflict.

It can be seen that water conflict between ecosystems and humans resulting from increased
vegetation greenness was mainly observed in the Gan sub-watershed, the Fu sub-watershed and
the Poyang Lake area during the growing season of 2009 and 2011. The reason was that these
sub-watersheds experienced long-duration moderate droughts and extreme droughts during the
growing seasons of 2009 and 2011, respectively. The decreases in water yield resulting from increased
vegetation greenness were large in these sub-watersheds under these drought conditions. Meanwhile,
the water demands from humans in these sub-watersheds were greater than those in the other
sub-watersheds (Figure 11). We also found that the increased vegetation greenness in the Gan and Fu
sub-watersheds with much forest cover had greater effects on water conflicts than that in the Poyang
Lake area with much cropland cover (Figure 10 and Table S2). This was because large reductions in
water yield related to large increases in forest greenness were observed in the two sub-watersheds
(Figure 8).
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Therefore, our results indicated that increased vegetation greenness could cause or aggravate
water conflict between ecosystems and humans in the sub-watersheds with large increases in forest
greenness and high human water demands under lasting and intensifying drought conditions.

4. Discussion

Several studies have suggested that vegetation greenness has been increasing over most areas of
China and even many parts of the Northern Hemisphere over the last three decades [1,2,47]. Similarly,
our results show that notable drying trends in the Poyang Lake watershed occurred during the
time series from 1984 to 2013. However, vegetation greenness continued to increase in the Poyang
Lake watershed. The reason is that the soil and the shallow groundwater has a positive effect on
new vegetation growth because the Poyang Lake watershed is in a humid region where the shallow
groundwater is plentiful [48] and where the watershed management projects were effective [2,22].

The magnitude and spatial distribution of increased vegetation greenness varied under different
drought intensities such as during the dry growing seasons of 2009, 2011, and 2013. However, increased
vegetation greenness (20–80%) was distributed in both cropland and forest areas. For example, in the
parts of crop areas such as the Poyang Lake area, successful watershed management, including
the use of efficient irrigation and chemical fertilizers, and high yield crops were responsible for
the cropland greenness increases. Meanwhile, in forested areas, such as the middle reaches of the
Gan River, the middle and lower reaches of the Fu River, and the upper reaches of the Xiu River,
afforestation/reforestation contributed to forest greenness increases [22]. In addition, the few areas
of vegetation greenness decrease were due to the influence of droughts during the dry growing
seasons [47].
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The modified WaSSI model was effective for the Poyang Lake watershed. Our model simulations
showed that increases in vegetation greenness generally caused reductions in water yield at different
scales. Furthermore, under lasting and intensifying drought conditions, the increased vegetation
greenness would lead to two to three times greater reductions in water yield than that during
a short-duration moderate drought. The reason was that increases in vegetation transpiration and
evaporation resulting from increased greenness during lasting and intensifying drought were larger
than that during a short-duration moderate drought (Figure S3). Lasting and intensifying drought
can result in more incoming solar radiation and therefore can accelerate ecosystem processes (e.g., ET)
in humid region [49]. At a spatial scale, an increase of 20–80% in vegetation greenness generally
caused a decrease of 3–27% in water yield under drought conditions. However, the effects of increased
cropland greenness on water yield were complex under different drought conditions. For example,
an increase in water yield resulting from an increase in vegetation greenness was observed in the
lower reaches of the Gan River and the portions of the Poyang Lake area with much cropland cover.
The reason was that decreases in cropland productivity and actual ET resulting from stomatal closure
could lead to water yield increases under droughts in cropland areas [50–52]. However, for a few areas
with increases in cropland greenness, a reduction of 18–65% in water yield was observed. The reason
was that these regions have large irrigation areas (more than 10,000 ha) [53], the agricultural crops
would continue the growth under drought condition, and the evapotranspiration would increase,
which would lead to large reduction in water yield (Figure S3). Comparably, increases in forest
greenness generally lead to decreases in water yield. Especially in the core areas of the afforestation
and reforestation projects, an increase of 20–80% in vegetation could lead to a reduction of 9–27% in
water yield under lasting and intensifying drought conditions. The reason was that tree species have
high water use efficiency but low maximal rates of photosynthesis for maintaining growth under these
drought conditions, leading to water consumption and thereby water yield reduction [54,55].

We also suggest that increases in vegetation greenness could lead to water conflict during
prolonged moderate drought at the watershed scale. Moreover, at the large sub-watershed scale, the
water conflict was further worsened in the sub-watersheds with large increases in forest greenness and
high human water demands during lasting and intensifying drought. In contrast, during short-duration
moderate drought, the Fu sub-watershed with a large increase in forest greenness may potentially cause
water conflict, while areas such as the Poyang Lake area with a large increase in cropland greenness
slightly aggravated water conflict. Therefore, increased forest greenness linked to afforestation or
reforestation can become a problem in humid areas such as the Poyang Lake watershed with abundant
water due to the exacerbated climate abnormality (droughts), which is consistent with the findings of
a previous study [24]. In addition, Zheng et al. [24] did not quantitatively assess the result, but this
study quantitatively estimated the consequences.

Hence, watershed management needs to focus on balancing afforestation and water yield, and
handling potentially conflicting water demands between ecosystems and humans under lasting
and intensifying drought conditions in the Poyang Lake watershed. Although artificial forest such
as subtropical coniferous forest could consume much water [24], afforestation/reforestation can
restore ecosystem degradation, by controlling soil erosion and improving carbon sinks, and can
mitigate climate change by absorbing atmospheric CO2 [4,56]. However, our results indicated that
afforestation/reforestation could substantially decrease water yield in periods of sharp increases
in vegetation greenness, thereby creating or aggravating water shortage issues during lasting or
intensifying drought (including long-duration moderate or extreme drought) in a humid region.
In particular, under extreme drought conditions, continued afforestation/reforestation might intensify
the extent of drought damage, reduce ecosystem resilience against extreme drought in the short term
and exacerbate water supply shortages in the long term.

The Forestry Administration of Jiangxi Province expects that watershed management projects
will increase forest cover to 63.1% by 2020 [57] However, forest cover in this watershed has already
increased to 63.1% due to effective watershed management projects [22,58]. Meanwhile, the time
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needed for artificial forests to reach maturity is shorter than that required by natural forests. As time
goes on, vegetation greenness will increase quickly, because the subtropical climate in the Poyang Lake
watershed is suitable for plant growth. More water will be consumed by this increased plant growth.
Therefore, increased forest greenness will likely have a larger impact on the water cycle in the future.

Several researchers have found that afforestation/reforestation is already close to sustainable
water resource limits and can create a water crisis in semi-arid or arid regions. Some strategies have
been proposed to promote sustainable development of these regions [1,4,59]. However, because
droughts of greater severity and duration are expected to occur in the future, being insensitive
to afforestation/reforestation effects is a problem in “green” humid regions such as the Poyang
Lake watershed under drought conditions. Watershed management should focus on this problem
and make afforestation with some targeted approaches. We argue that the primary purpose of
afforestation/reforestation is to maintain erosion protection. On this premise, watershed management
can devise strategic afforestation plans to reduce water demand by vegetation. Thinning or forest
harvesting in already forested areas could be used to decrease the greenness but still maintain the
benefits from the existence of natural vegetation. Fast-growing or economic but short-lived trees, which
can exacerbate water scarcity, should not be considered for replacing native trees [24,59]. In addition,
agricultural crops that use less water can be planted, while cropland expansion through deforestation
should be avoided. More efficient irrigation methods should be researched and used for the croplands.

5. Conclusions

In this paper, we investigated the effects of vegetation greenness on water yield in the Poyang
Lake watershed under different growing-season drought intensities. According to drought variability
and the variation trends of vegetation greenness from 1984–2013, three typical growing seasons
with different categories of drought were selected as study conditions. Under these growing season
drought conditions, the effects of vegetation greenness changes on water yield were estimated by
using a modified WaSSI model with two scenario designs. Then, water demand conflicts between
ecosystems and humans resulting from increased vegetation greenness were assessed.

We found that although the Poyang Lake watershed frequently experienced droughts of
various categories during the latter six years of the study period, increases in vegetation greenness
were observed in most areas of this watershed. At a spatial scale, an increase of 20–80% in
vegetation greenness generally led to a decrease of 3–27% in water yield under drought conditions.
Large reductions in water yield were mainly observed in the forest areas, which had large increases
in forest greenness under various drought intensities. At the watershed and large sub-watershed
scales, increased vegetation greenness had negative effects on water yield as well. Moreover, at various
spatial scales, compared to short-duration moderate drought, increased vegetation greenness could
cause a two- or three-fold reduction in water yield under lasting and intensifying drought conditions.
Our results showed that the effects of increased vegetation greenness on water yield under drought
conditions were relevant to vegetation type, drought duration and drought intensity. Thus, increases in
vegetation greenness could cause or aggravate water conflict between ecosystems and humans during
lasting and intensifying droughts in the Poyang Lake watershed, especially in the sub-watersheds
with large increases in forest greenness and high water demands. Increased forest greenness linked to
afforestation or reforestation could become a new problem in humid areas such as the Poyang Lake
watershed during lasting and intensifying drought. This paper provides a basis for vegetation recovery
projects and watershed management in the Poyang Lake Watershed and is a valuable addition to the
research concerning management of water resources in humid regions under future climate change.

Supplementary Materials: The following are available online at www.mdpi.com/1999-4907/9/1/24/s1, Table S1:
Drought classification based on the SPEI, Figure S1: The comparison of the modelled PET and the observed PET
from 2001 to 2013, Figure S2: Area-averaged SPEI at 3-month scales in the six large sub-watersheds in the growing
season of 2009, 2011, and 2013, Table S2: The percentages of forest cover and cropland cover in the six large
sub-watersheds, Figure S3: The relative differences (%) in actual evapotranspiration (ET) between the two model
simulations (S1–S2) during the growing season of 2009 (long-duration moderate drought), 2011 (short-duration
extreme drought), and 2013 (short-duration moderate drought), respectively.
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