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Drought is frequently recorded as a result of climate warming and elevated concentration of greenhouse
gases, which affect the carbon and water cycles in terrestrial ecosystems, particularly in arid and semi-
arid regions. To identify the drought in grassland ecosystems and to determine how such drought affects
grassland ecosystems in terms of carbon and water cycles across the globe, this study evaluated the
drought conditions of global grassland ecosystems from 2000 to 2011 on the basis of the remotely sensed
Drought Severity Index (DSI) data. The temporal dynamics of grassland carbon use efficiency (CUE) and
water use efficiency (WUE), as well as their correlations with DSI, were also investigated at the global
scale. Results showed that 57.04% of grassland ecosystems experienced a dry trend over this period. In
general, most grassland ecosystems in the northern hemisphere (N.H.) were in near normal condition,
whereas those in the southern hemisphere (S.H.) experienced a clear drying and wetting trend, with the
year 2005 regarded as the turning point. Grassland CUE increased continually despite the varied drought
conditions over this period. By contrast, WUE increased in the closed shrublands and woody savannas
but decreased in all the other grassland types. The drought conditions affected the carbon and water use
mainly by influencing the primary production and evapotranspiration of grass through photosynthesis
and transpiration process. The CUE and WUE of savannas was most sensitive to droughts among all the
grassland types. The areas of grassland DSI that showed significant correlations with CUE and WUE were
52.92% and 22.11% of the total grassland areas, respectively. Overall, droughts sufficiently explained the
dynamics of grassland CUE, especially in the S.H. In comparison with grassland CUE, the grassland WUE
was less sensitive to drought conditions at the global scale.

Keywords:

Carbon use efficiency (CUE)
Drought Severity Index (DSI)
Drought conditions

Global grassland ecosystems
Water use efficiency (WUE)

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Water resources are essential for society and ecosystems.
Increasing evidence indicates that the recent climate change has
exacerbated the waterresources stress by increasing water demand
and shrinking water supplies. This condition has strong adverse
effects on food security and poses great challenges to the sus-
tainability of life (Vorésmarty et al., 2000; Rosegrant et al., 2003).
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Drought is an important adverse climate disturbance that is
occurred globally, and it is expected to intensify in this century
(IPCC, 2007,2012). Droughts affect the terrestrial carbon and water
cycles by reducing the carbon sequestration ability and aggravat-
ing the evaporation rate of ecosystems (Ciais et al., 2005; Van der
Molen et al., 2011; Battipaglia et al., 2014). Carbon use efficiency
(CUE), which is the ratio of net primary productivity (NPP) to gross
primary productivity (GPP), and water use efficiency (WUE), which
is the ratio of NPP to evapotranspiration (ET), are important indica-
tors for addressing the interactions between the water and carbon
cycles of terrestrial ecosystems (Webb et al., 1978; LeHouerou,
1984; Delucia et al., 2007). Several studies have evaluated the
effects of climate variables on the CUE and WUE of ecosystems at
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multiple scales (Keenan et al., 2013; Adiredjo et al., 2014; Rowland
et al., 2014; Zhang et al., 2014). Knowledge has advanced since
the development of remote sensing technology with respect to the
potential effects of climate change and other drivers on carbon and
water cycles at large scales. Although the severity of droughts has
been investigated extensively, its subsequent influences on terres-
trial CUE and WUE are not well explored. Therefore, monitoring
the extent and duration of droughts accurately and consistently is
necessary, especially when assessing impacts and mitigating the
distresses at global and regional scales.

Many indices have been developed to assess and monitor
the occurrence of droughts from regional to global scale, e.g.
the Standardized Precipitation Index (SPI) (McKee et al., 1995),
the Palmer Drought Severity Index (PDSI) (Palmer, 1965), the
Temperature-Vegetation Dryness Index (TVDI) (Sandholt et al.,
2002), the Vegetation, Water and Thermal Stress Index (VWTCI)
(Shakya and Yamaguchi, 2010). Developed by Mu et al. (2013),
the Drought Severity Index (DSI), is an index that combines the
meteorological and agricultural drought conditions. It is calculated
on the basis of MODIS-derived Normalized Difference Vegetation
Index (NDVI) and evapotranspiration/potential evapotranspiration
(ET/PET) data with fine resolution at the global scale (Mu et al.,
2013).The available DSI dataset extends from 2000 to 2011, and has
been validated to capture the major droughts over the last decade
worldwide (Zhao and Running, 2010; Mu et al., 2013; Zhang and
Yamaguchi, 2014). Given on this, in the present study, the DSI data
were used to monitor the extent and duration of drought spread
in grassland ecosystems, as well as the effects of such drought
spread on the water and carbon cycles of grassland ecosystems at
the global scale.

Grassland ecosystems are among the largest distributed biomes,
which occupy more than 30% of the Earth’s land surface. Grass-
lands contribute significantly to food security by providing food
for ruminants, which serve as sources of meat and milk for human
consumption (Scurlock and Hall, 1998; O’'Mara, 2012). Grassland
ecosystems play a key role in balancing the global atmospheric
greenhouse gases through the carbon and water cycles (French,
1979; O’'Mara, 2012). Given that grassland ecosystems are mainly
distributed in arid and semi-arid regions, temperature and precipi-
tation are two key factors that control the growth and productivity
of grass (Gang et al., 2015a,b). With the increasing frequency of
climate extremes in recent decades, the effects of droughts on the
structure, composition, and function of grassland ecosystems have
been widely studied (Wolfet al.,2013; Bollig and Feller, 2014; Burri
etal.,2014; Koerner and Collins, 2014; Manea and Leishman, 2014).
Short-term droughts are likely to induce the plastic adjustment of
the resident plants, whereas long-term progressive droughts would
cause the species turnover within plant communities (Helmuth
et al., 2005; Jung et al., 2014). However, most of these studies
were conducted at the stand or local scale, hence, the under-
standing on how droughts affect the carbon and water use of
grassland ecosystems, especially at the global scale, remain limited.
This lack of extensive research represents an important knowledge
gap.

The past decade was the warmest 10 years since the instrumen-
tal measurements of temperatures began in the 1880s (Zhao and
Running, 2010). To address the aforementioned scientific problems
during the “warmest decade”, the present study primarily aims:
(i) to characterize the extent and duration of drought occurred
in global grassland ecosystems from 2000 to 2011 by using the
remotely sensed DSI data; (ii) to quantify the annual changes in
grassland GPP, NPP, ET, CUE, and WUE at the global scale during
this period; and (iii) to calculate the correlations between grassland
CUE, WUE and DS], as well as the mean annual temperature (MAT)
and mean annual precipitation (MAP), to reflect the how the grass-
land carbon and water use is controlled by environmental variables.

The outcomes of this study do not only elucidate the extent and
duration of droughts in global grassland ecosystems in recent years
but also provide baselines for enhancing the sustainable carbon and
water use in grasslands across the globe. In addition, the findings
of this study may serve as guidelines for government and policy
makers in initiating adaptation strategies to respond to the climate
change and to manage grassland production.

2. Materials and methods
2.1. MODIS DSI, GPP, NPP, and ET data

Annual MODIS DSI, GPP, NPP and ET data (~1km resolution)
extending from 2000 to 2011 were obtained from the Numeri-
cal Terra dynamic Simulation Group at the University of Montana
(http://www.ntsg.umt.edu/). These dataset are in TIFF format and
the WGS84 geographic coordinate system, and were converted into
a grid format.

For the remotely sensed DSI data, the ET/PET and snow-free
growing season NDVI products of MODIS for all vegetated land
areas from 2000 to 2011 were integrated with a 0.05° spatial resolu-
tion. The MODIS NDVI is sensitive to vegetation drought responses
and associated water stress, especially in the water-limited regions.
This situation provides a link between climate change and vegeta-
tion responses through greenness changes (Atkinson et al., 2011;
Mu et al., 2013). The NDVI product has been successfully used
to monitor the global vegetation photosynthetic activities (Huete
et al., 2002; Justice et al., 2002). DSI is calculated as a standardized
value, which is expressed as follows:

NDVI — NDVI
Anpvi = S (1)
NDVI
ET/PET) — (ET/PET
Agya = (ET/ 5) (ET/PET) )
(ET/PET)
A = Anpvi + Agva (3)
DSI = A-A (4)
34

where Anpy is the standardized anomaly of the NDVI, which is cal-
culated using the long-term mean value of NDVI and the standard
deviation Snpy; of the period 2000-2011; Agya is the standard-
ized anomaly of ET/PET, which is calculated as the long-term mean
value of ET/PET and a standard deviation §(grjper); ET/PET is the
ratio of ET to PET; A is a sum of Aypy; and Agy,; the DSI is a stan-
dardized anomaly of A; A is the long-term mean value of Anpv
and Arper); 04 is the standardized deviation. The categories of
drought conditions based on DSIvalue is showninTable 1 (Muetal.,
2013).

Table 1

The categories for drought conditions of the global DSI (Mu et al., 2013).
Category Description DSI
D5 Extremely drought <-1.50
D4 Severe drought —-1.49to -1.20
D3 Moderate drought -1.99to -0.9
D2 Mild drought —0.89 to —0.60
D1 Incipient drought —0.59 to —0.30
WD Near normal —0.29t0 0.29
W1 Incipient wet 0.30 to 0.59
W2 Slightly wet 0.60 to 0.89
W3 Moderately wet 0.90 to 1.19
W4 Very wet 1.20 to 1.50
W5 Extremely wet >1.50
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The three input dataset sources, namely, biome types, the mete-
orological data, and cloud contaminated MODIS FPAR/LAI data,
are the main error sources in the original version of the MODIS
algorithm. To reduce these uncertainties, Zhao et al. (2005) repro-
cessed the key input data set and consequently improved these
estimates. First, the meteorological data with coarse resolution
input was spatially interpolated to the MODIS pixel level. Sec-
ond, the missing data in MODIS FPAR/LAI resulting from cloud
contamination and malfunction of the MODIS sensor were tem-
porally filled. Furthermore, the Biome Parameter Look-Up Table
was recalibrated according to the recent synthesized NPP data and
GPP data derived from flux tower measurements. The improved
global MODIS primary production products have been widely
used to monitor ecological conditions, natural resources, and envi-
ronmental changes (Zhao et al., 2006; Zhao and Running, 2010;
Zhang et al., 2014). The MODIS GPP values are calculated as
follows:

GPP = £max x 0.45 x SW,,q x FPAR x fVPD x fTin (5)

where emax is the maximum light use efficiency under optimal con-
ditions; SW;,q is the incoming short-wave solar radiation, of which
45% is Photosynthetically Active Radiation (PAR); FPAR is the frac-
tion of PAR absorbed by the plant canopy; fVPD is vapour pressure
deficits scalar, and fTy,;, is the daily minimum temperature (Tyin,
°C) scalar.

The MODIS NPP is defined as the difference between GPP and
respiration, including maintenance and growth components. The
newly developed NPP is calculated as follows:

365
NPP = ZGPP —Riir — Rmw — Re (6)
1

where R, ;- is the maintenance respiration from living leaves and
fine roots, and Ry is the annual maintenance respiration from
living wood, R¢ is annual growth respiration. More detailed descrip-
tion for modeling MODIS GPP and NPP can be found in related
publications (Zhao et al., 2005, 2006; Zhao and Running, 2011).

The MODIS ET dataset represents transpiration by vegetation
and evaporation from canopy and soil surfaces. This dataset is
based on the Penman-Monteith equation (Monteith, 1965; Mu
et al., 2007a,b). The original version of the ET algorithm does not
consider the evaporation from the intercepted precipitation from
plant canopy (Mu et al., 2011). The newly developed and improved
MODIS ET dataset recalculates the fraction of vegetation cover, the
soil heat flux, the canopy water loss, the soil evaporation, the sto-
matal conductance, aerodynamic resistance, and boundary layer
resistance (Mu et al., 2011). The ET algorithm is computed as fol-
lows:

AE = AE et c + AEtrans + AEsorL ™)

where AE is the total daily ET, AE, ¢ is evaporation from the wet
canopy surface, AEqqns is the transpiration from the dry canopy
surface, and AEsqy is the evaporation from the soil surface (Mu
et al.,, 2007a,b, 2011). The MODIS ET product has been validated
and shows well consistence with daily ET estimation from tower
eddy covariance measurements covering a wide range of biomes
and climate conditions. The ET data has been used in a wide vari-
ety of regional and global research (Mu et al., 2011; Gang et al.,
2015a,b). In this study, the annual global ET datasets from 2000 to
2011 was used in WUE calculation. Grassland WUE for each grid
cell was calculated as the ratio of annual NPP to ET in the grid.

2.2. Land cover data and climate factors data

The global grassland cover data was derived from the Interna-
tional Geosphere-Biosphere Project (IGBP) land cover dataset, in

which 17 land cover classes were identified (Loveland et al., 2000).
The grassland cover includes closed shrublands, open shrublands,
woody savannas, savannas, and non-woody grasslands (White
et al., 2000). The largest distributed grassland type is open shrub-
lands, which account for 32.81% of total grasslands. The closed
shrublandsis the least distributed grassland type, taking up to 4.10%
of total grasslands. The area of woody savannas, savannas and non-
woody savannas account for 22.67%, 14.66% and 25.75% of total
grassland cover, respectively.

The meteorological data (temperature and precipitation) from
2000 to 2011 were obtained from the Climate Research Unit at the
University of East Anglia (Harris et al., 2014). This dataset is pro-
vided by the British Atmospheric Data Centre. The mean annual
temperature (MAT) and mean annual precipitation (MAP) were
incorporated from the monthly data.

2.3. Analysis of grassland DSI dynamic

The ordinary least square estimation was calculated for each
pixel to quantify the variations of grassland DSI at a global scale
(Gang et al., 2015a,b):

nx Z?:li x DSI; — (Z?:li) (Z?:lDSIi)
nx Z?:]iz - (ZLli)z

where iis 1 for year 2000, 2 for year 2001, ... n, n=12 as the study
period from 2000 to 2011; DSI; is the value of annual grassland DSI
intimeofi,i=1,...,n,n=12.1f Slopein Eq. (8) is positive, it indicates
the wet trend, in comparison to negative value which connotes the
dry trend.

In addition, the temporal dynamics of the GPP, NPP, ET, DSI, CUE,
and WUE for each grassland type from 2000 to 2011 were explored,
their annual mean values were plotted against time to estimate the
annual changing rate.

Slope = (8)

2.4. Correlation analysis between grassland CUE, WUE and
climate variables

The Pearson correlation coefficients between grassland CUE,
WUE and climate variables, including DSI, MAP and MAT were
calculated to reflect the sensitivity of grassland CUE and WUE to
climate variables. If the correlation coefficient passes the signif-
icance test, then an extremely significant (p <0.01) or significant
(p<0.05) linear correlation is indicated.

3. Results
3.1. Drought characteristic of global grassland ecosystems

On average, grassland regions in dry condition during the study
period accounted for 39.76% of the total grassland areas across the
globe, such value is slightly larger than that under wet conditions.
Regions in near normal conditions accounted for 22.18% of the
total grassland areas. In the N.H., grassland areas in dry conditions
(38.88%) were close to those in wet conditions (38.90%). By con-
trast, in the S.H., 41.96% of the grassland ecosystems experienced
drought conditions, whereas 36.42% experienced wet conditions.
During the period of 2000-2011, 57.04% of regions vegetated by
grassland ecosystems became increasingly dry. These regions are
mainly located in Asia, north of North America, southern Africa,
and Western Australia (Fig. 1A). Nearly 32.81% of the dry regions
in 2000 became wet in 2011, with the area under D1 condition
undergoing the most significant change (8.50%). In 2011, 31.47% of
the wet regions became dry relative to the condition in 2000, with
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Fig. 1. The spatial pattern of Drought Severity Index (DSI) dynamic (A), the wetting and drying trend (B) of global grassland ecosystems from 2000 to 2011.
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Fig. 2. The area change of each grassland type at different drought levels in the N.H. and the S.H. during 2000-2011. D5: Extremely drought; D4: Severe drought; D3: Moderate
drought; D2: Mild drought; D1: Incipient drought; WD: Near normal.

the W1 condition making the most contribution to such change In this study, the temporal dynamics of drought conditions for
(7.49%) (Fig. 1B). Most of these regions were mainly distributed in each grassland type were also analyzed. As indicated in Fig. 2,
the north of the Tropic of Cancer, and the south of the Tropic of most grassland ecosystems were in near normal condition over
Capricorn in the southern America. the study period. In the N.H., the areas of closed shrublands, open
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Fig. 3. The temporal dynamics of grassland GPP, NPP, and ET from 2000 to 2011.

shrublands, woody savannas, savannas and non-woody grasslands
under near normal condition accounted for 22.15%, 22.03%, 22.43%,
21.85% and 22.65% of the total grassland cover, respectively. The
regions that experienced different drought levels showed similar
changing trends in the past 12 years. Noticeably, the expan-
sion of extreme drought occurred in all grassland types in 2002
and 2009. In the case of the S.H., the grassland ecosystems in
near normal condition accounted 21.37% for closed shrublands,
20.65% for open shrublands, 22.15% for woody savannas, 22.89%
for savannas and 21.03% for non-woody grasslands on average.
Overall, these areas increased at the first half of the study period,
and decreased at the latter half of the study period. Meanwhile,
the dry spells expanded gradually before 2005, and decreased
thereafter.

3.2. The temporal dynamics of grassland GPP, NPP, ET, DSI, CUE,
and WUE

The mean annual values of grassland GPP, NPP, and ET from
2000 to 2011 at the global scale were first evaluated. As indi-
cated in Fig. 3, both of the GPP and NPP of each grassland type
increased at the global scale over the entire study period. These
increasing trends were also observed in the N. H. By contrast, in the
S.H., GPP and NPP increased in open shrublands and savannas, but
decreased in all the other grassland types. With regard to the ET,
a decreasing trend occurred in the closed shrublands both at the
global scale and in the N.H. over the past 12 years, as well as in the
woody savannas in the S.H. All the other grassland types showed an
ascending ET.

The annual DSI, CUE, and WUE during this period were also
plotted against time. Most grasslands at the global scale were in
near normal condition from 2000 to 2011 (Fig. 4). The incipient
drought occurred in 2002, 2005, and 2009. Savannas experi-
enced a mild drought in 2005. Similarly, grasslands in the N.H.
were in near normal condition in most years from 2000 to
2011. The overall variation can be divided into three stages,
the wet trend from 2000 to 2004, the dry trend from 2004
to 2009, and the wet recovery trend from 2009 to 2011. In
the S.H., the W1 and D1 conditions were frequently recorded
in grassland ecosystems. The dry spells expanded fluctuately
from 2000 to 2004, but the most severe drought occurred
in 2005, after which a gradual recovery was observed. Glob-
ally, the CUE of all grassland types increased over the past 12
years. The increase of CUE in the N.H. fluctuated in all grass-
land types from 2000 to 2011. In the S.H., CUE only increased
in the woody savannas and savannas. All the other grassland
types showed decreased CUE over this period. Noticeably, the
temporal dynamic of grassland CUE in the S.H. was closely
related to the changing pattern of DSI. For the WUE, the closed
shrublands and woody savannas showed an overall increasing
WUE globally from 2000 to 2011. By contrast, all the other
grassland types showed decreased WUE over this period. The
closed and open shrublands in the N.H. presented an ascend-
ing trend during the past 12 years. Before 2005, the WUE of
savannas changed drastically in comparison with the WUE val-
ues of the other grassland types. By contrast, in the S.H., the
WUE decreased in all the grassland types, except in the woody
savannas.
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3.3. The correlations between grassland CUE, WUE and climatic
variables

The correlations between grassland CUE, WUE and DSI, MAP,
MAT were also calculated respectively to reveal the sensitivity
of the grassland carbon and water use to climate variables. As
shown in Fig. 5, the spatial pattern of correlation between grass-
land CUE and DSI was similar to that between grassland CUE and
MAP but opposite to that between grassland CUE and MAT, particu-
larly in the S.H. The regions with significant correlations (including
extremely significant) between grassland CUE and DSI, MAP, MAT
accounted for 52.92%, 20.14%, and 22.69% of the total grasslands,
respectively. These regions are mainly located in Australia, south-
ern Africa, western North America, and west of Asia. Generally,
more than a half of grassland CUE was negatively correlated with
DSI(53.53%) and MAT (68.68%), and positively correlated with MAP
(68.71%). By contrast, the correlations between grassland WUE and
climate variables were relatively low and presented significant
spatial heterogeneity across the globe (Fig. 6). The regions with sig-
nificant correlations between grassland WUE and DSI, MAP, MAT
accounted for 22.11%, 12.96%, and 13.81% of the total grasslands,
respectively. The regions that showed an extremely significant
positive correlation between grassland WUE and DSI are mainly
located in the Eurasia and the US Great Plains. Most of the grass-
land WUE was negatively correlated with DSI (56.06%) and MAP
(56.58%), and positively correlated with MAT (53.38%).

4. Discussion

Climate change is expected to induce the geographic range and
incidence of droughts, particularly in arid and semi-arid regions.

These droughts are characterized by contractions and expan-
sions and increasing and decreasing incidence. Recognizing how
the carbon and water use of grassland ecosystems responds to
these droughts can improve our understanding of the interactions
between grassland carbon/water cycle and climate change. Dur-
ing the recent decade, most of grassland ecosystems in the N.H.
were in near normal condition, but widespread droughts occurred
around 2002 and 2009. These phenomena are consistent with those
described in previous studies. Consecutive droughts were reported
in South Asia in 2000-2003 (Pandey et al., 2007), and in North
Americain 2002 (Lawrimore and Stephens, 2003; Dongetal.,2011).
The year 2005 was a turning point for the grassland ecosystems in
the S.H., before this period, the dry spells expanded continually,
and recovered in the following years (Watkins, 2005). Widespread
drought also occurred in Australia from 2002 to 2003 (Horridge
et al.,, 2005).

Droughts have adverse effects on ecosystems, especially those
in regions where water supply is limited. In the N.H., the increase of
CUE for each grassland type because of the increasing GPP and NPP
fluctuated despite the occasional occurrence of droughts. These
regions are mainly located in the northern high latitudes vegetated
by the open shrublands, and some regions of the Mongolian Plateau
covered by the non-woody grasslands. The decreased DSI value in
these regions indicates a dry trend during the past decade. How-
ever, the grassland CUE showed an overall increasing trend in this
period. The rising temperature in these regions probably promotes
the photosynthesis process of grass, which resulted in more pri-
mary production (IPCC, 2012).In addition, the different sensitivities
of NPP and GPP of each grassland type to the drought conditions are
also likely contribute to the increase of CUE in these regions (Zhang
et al., 2014). By contrast, droughts exerted significant impacts on
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grassland CUE in the S.H. Vegetation moisture constrains on canopy
transpiration, as well as net photosynthesis, and CO, exchange
(Mu et al.,, 2013). According to the calculation of DSI, lower NDVI
values indicate the occurrence of drought. Under slight drought
conditions, the net photosynthesis rate of grass decreases because
of the decreased activity of ribulose diphosphate carboxylase and
efficiency of the quantum yield of photosynthesis. These factors
lead to the decrease in the photosynthetic capacity of mesophyll
cells (Zhou et al., 2009). Soil water influences the response of
Re and photosynthesis to temperature. The decreased rate of net
photosynthesis under slight drought stress is induced by the pro-
gressive closure of leaf stoma, whereas that under severe drought
conditions damages the photosynthetic organs of plants, thereby
reducing plant water loss and photosynthesis (Arneth et al., 1998;

Tian et al., 2009). CUE decreases in regions or time periods expe-
riencing drought. This effect explains well the CUE dynamic in the
S.H.

The correlation between grassland WUE and DSI was relatively
low, thereby implying that grassland WUE was less sensitive to
droughts than CUE at a global scale. Droughts induce an increase in
plant WUE to mitigate the effects of water loss. Severer droughts
enhance ecosystem resistance and resilience in responding to
potential limits to water use, which likely contributed to the high
WUE in the S.H. over the study period (Gang et al., 2015a,b). Vari-
ations in DSI exert a more considerably significant influence on
WUE at the regional scale. The results of this study showed that
grassland WUE was extremely significant positive correlated with
DSI in the center of the Eurasia and parts of the US Great Plains,
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where non-woody grasslands mostly vegetated. Plants with high
WUE exhibit low photosynthesis rate, evapotranspiration rate, and
stomatal conductance. The photosynthesis process can be main-
tained at a certain level even under severe drought conditions
(Maroco et al., 2000; Ogaya and Pefiuelas, 2003; Lefi et al., 2004;
Zhang et al., 2005). By contrast, plants with low WUE are highly
sensitive to rainfall conditions. Decreasing soil moisture decreases
the rate of photosynthesis (Gebre et al., 1998; Zhang et al., 2005).
Plants with high WUE can store more solutes than those with
low WUE. These characteristics can partly explain the different
responses of grassland types to droughts (Jiang and Dong, 1999;
Reichstein et al., 2002; Chen et al., 2003). Given the limitation avail-
ability of data, only the correlations between the grassland DSI and
CUE, and WUE over a 12-year period were examined in this study.

Long-term information is needed to determine how grassland car-
bon and water use responds to drought conditions.

5. Conclusion

The recent climate change characterized by intensifying
droughts threatens carbon sequestration and water use of grass-
land ecosystems. About 39.76% of the total grassland regions across
the globe were in dry condition in 2000-2011. During this period,
57.04% of the grassland ecosystems became dry. The trend was
mainly observed in the Asia, the north of North America, the south-
ern Africa, and the Western Australia. Drought spells in grassland
regions were more significant in the S. H. than in the N. H. In the
N.H., most grassland ecosystems were in near normal condition.
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Grassland CUE showed an overall increasing trend at the global
scale despite the drought conditions. Specifically, it rose with fluc-
tuation in the N.H. In the S.H., a clear drying and wetting trend
was observed, with the year 2005 regarded as a turning point, dur-
ing which all grassland types experienced drought. Droughts affect
grassland CUE and WUE by influencing the photosynthesis and
evapotranspiration process. The carbon and water use efficiencies
of savannas were found to be most sensitive to droughts among all
the grassland types. The DSI variation explains well of the tempo-
ral dynamic of grassland CUE over this period, particularly in the S.
H. By contrast, the grassland WUE was less affected by the recent
drought conditions at the global scale. However, the significance of
droughts in WUE was highlighted when scaling down to regional
scales. Overall, the carbon and water use of grasslands in the S.H.
suffered more from the recent droughts in comparison with that
in the N.H. These effects are likely to continue under the warming
climate.
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