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1 | INTRODUCTION

Abstract

The duration of climate anomalies has been increasing across the globe, leading to
ecosystem function loss. Thus, we need to understand the responses of the ecosys-
tem to long-term climate anomalies. It remains unclear how ecosystem resistance
and resilience respond to long-term climate anomalies, for example, continuous dry
years at a regional scale. Taking the opportunity of a 13-year dry period in the tem-
perate grasslands in northern China, we quantified the resistance and resilience of
the grassland in response to this periodic dry period. We found vegetation resistance
to the dry period increased with mean annual precipitation (MAP), while resilience
increased at first until at MAP of 250 mm and then decreased slightly. No trade-off
between resistance and resilience was detected when MAP < 250 mm. Our results
highlight that xeric ecosystems are most vulnerable to the long-term dry period.
Given expected increases in drought severity and duration in the coming decades,
our findings may be helpful to identify vulnerable ecosystems in the world for the

purpose of adaptation.
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resilience in biomass production (Tilman, 1996). Resistance, de-
fined as the ability of the ecosystem to persist in its normal state

Grasslands cover more than 30% of the global land surface (Dixon
et al., 2014) and provide a series of essential ecosystem services
(Hayha & Franzese, 2014). Stable provision of the services highly
depends on the stability of grassland ecosystem functions such as
biomass productivity, which are strongly controlled by precipitation
(Knapp & Smith, 2001; Harrison et al., 2014). The intensity, frequency,
and duration of climate anomalies and extremes are expected to in-
crease throughout the century across the globe (Dai, 2013; Cubasch
et al., 2013). Therefore, it is crucial to understand the response of
grasslands to climate anomalies. (Ingrisch & Bahn, 2018).

The stability of ecosystems encountering external pertur-
bations has commonly been characterized as resistance and

during a disturbance (Stuart-Haéntjens et al., 2018), can be ob-
tained by comparing biomass production in a normal state with
that in a disturbed state. Resilience reflects the ability that eco-
system functions return to initial levels after perturbations (Lloret
et al., 2011), expressed as the rate of return of a variable (such as
biomass production) within a given time after disturbance (Schmid
& Pfisterer, 2002). Previous reports on grassland resistance and
resistance mainly focused on single-year extreme drought condi-
tions, with much less attention being paid on ecosystem responses
to longer-term dry periods (e.g., successive several-year dry cli-
mate) (Wilcox et al., 2017; Knapp et al., 2015; Zhao et al., 2015).
However, current studies have suggested that drought duration
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may be as, or perhaps more, influential than drought severity on
ecosystem functioning (Evans et al., 2011). It is also predicted that
the probability of periodic climatic anomalies that last for several
years, such as the drought period from 2000 to 2009 in many
regions across the globe (Zhao & Running, 2010; Ponce-Campos
et al.,, 2013), will increase as a consequence of global climate
change (Cubasch et al., 2013). Therefore, it is critical to clarify the
resistance and resilience of grassland in response to adverse peri-
odic climate anomalies.

Theory (Grime et al., 2000) and a few case studies (Gazol et al.,
2018) reported a trade-off between resistance and resilience for
biomass production (Ruppert et al., 2015), that is, the higher resis-
tance of grasslands may have an inhibitory effect on the recovery of
productivity following drought (Craven et al., 2018). However, our
knowledge on the relationship between resistance and resilience
is still very limited for three reasons. First, the number of relevant
studies is small. A meta-analysis by Matos et al. (2020) suggested
that most studies focused on resistance, with very few focusing on
resistance and resilience simultaneously. Second, the findings sup-
porting the trade-off were mostly derived from extreme drought in
single years, with seldom from several continuous dry years (Gazol
et al., 2018). Third, previous studies were mostly conducted in single
ecosystems (e.g., temperate broadleaf forests in the north-eastern
USA; Gazol et al., 2017), and thus, our knowledge on the spatial pat-
terns along climate gradients is still very limited (Matos et al., 2020).

Taking the opportunity of a 13-year dry period (1999-2011) in
the temperate grasslands in northern China, here we quantified
the resistance and resilience of the ecosystems in response to this
periodic dry period. With the data of the Normalized Difference
Vegetation Index (NDVI), a proxy of grassland biomass production,
this study aims to address the following research questions: (i) How
resistance and resilience in the temperate grasslands vary along a
precipitation gradient during the long-term dry period? (ii) Is there a
trade-off between resistance and resilience in the temperate grass-

lands along the precipitation gradient?

2 | METHOD AND MATERIALS
2.1 | Study area

The temperate steppe of Inner Mongolia is located on the Inner
Mongolia Plateau and extends from northeast of China, which covers
an area of about 22% of the total area Chinese grassland. This grass-
land is influenced by the temperate continental climate, distributed
along with mean annual precipitation (MAP) gradient from 40 mm
to 500 mm, mean annual temperature (MAT) from -3°C to 9°C. The
growing season occurs from April to October. Rain falls in a shorter
rainy season in summer, and growing season precipitation accounts
for 80% of the annual precipitation in our study area (Guo et al., 2015).
Snow only accounts for less than 10% of annual precipitation. From
southwest to northeast, precipitation shows an increasing trend,

while the temperature is the opposite. Along the precipitation range
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from dry to wet, grasslands here are divided into three major types,
xeric desert steppe, semi-arid typical steppe, and mesic meadow
steppe (Figure 1; Guo et al., 2012). Desert steppe mainly occurs in
the driest areas of Inner Mongolia where MAP only ranges from O
to 200 mm, which is dominated by short xerophytic species (mainly
semishrubs and short shrubs) with a height of 10-25 c¢cm and low-
est biodiversity (5-10 maximum species in 1 m?). Dominant speciesin
typical steppe with MAP is approximately between 200 and 400 mm,
is xerophytic-tufted perennial grasses, and plant communities here
are taller (14-35 cm) with diversity (12-15 maximum species in 1 m?).
Located in the wettest areas of Inner Mongolia, the typical steppe
with MAP ranging from approximately 300-600 mm is the most pro-
ductive grassland of these three types. It is characterized by much
higher (35-50 cm) rhizomatous perennial grasses, and plants here
with diversity (15-25 maximum species in 1 m?) are very common (Hu
et al., 2018). The transformation of soil types from brown calcic soil

to chestnut and chernozem soil corresponds to the grassland type.

2.2 | Datasets

The Global Inventory Modeling and Mapping Studies (GIMMS, https://
ecocast.arc.nasa.gov/data/pub/gimms/) NDVI datasets with a spatial
resolution of 0.083° from 1983 to 2013 were used to quantify the
vegetation status. The NDVI was 15-day composites, and thus, annual
NDVI was calculated as the mean of all the 15-day NDVI of each year.

The station-specific precipitation data from 51 meteorological
stations in Inner Mongolia (locations of these stations were showed
as points in Figure 1) from 1982 to 2013 was obtained from the
China Meteorological Data Service Center website (http://data.
cma.cn/en). A thin plate smoothing spline interpolation method in
the Anuspline software package was used to interpolate the station-
specific data with daily site data (Hutchinson, 1995). We summed
them to annual values in the calendar year and then resampled to the

same spatial resolution as the NDVI data.
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FIGURE 1 Spatial distribution of grasslands in Inner Mongolia
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2.3 | Metrics of resistance and resilience

The degrees of reduction in precipitation and NDVI in a dry period

were calculated for each pixel as:

Rain reduction = (P,omal = Pary) /Prormal (1)

NDVI reduction = (NDVI NDVly, ) /NDVl g (2)

normal —

where P, .., and Py, are the mean precipitation in normal period and
dry period, respectively, which are determined from annual precipi-
tation anomaly (Figure 2); NDVI,,, and NDVIy,, are separately the
mean NDVI during normal period and dry period.

Isbell et al. (2015) adopted Equation (2) to quantify vegetation re-
sistance. In our study, the degrees of rainfall reduction between sites
were different. To exclude the compounding effects of the different
effects of rainfall reduction, we quantified resistance by normalizing
Equation (2) with the degree of rainfall reduction for each site:

Resistance = Rain reduction/NDV!I reduction. (3)

A high resistance suggests that NDVI reduction is relatively
smaller than precipitation and vice versa. Resilience was quantified
by the ratio of the NDVI during the recovery period to the NDVI
during the dry period (Van Ruijven & Berendse, 2010):

Resilience = NDVI s /NDVI, 5. (4)
where NDVIpost isthe mean NDVIin the recovery period. Here, we used
the mean of the two years (2012-2013) of NDVI after the dry period
as NDVIpost.
tion has a higher recovery rate after a dry period. In addition, grass-

A higher value of resilience value indicates that vegeta-

land types (e.g., meadow steppe, typical steppe, and desert steppe) for
each pixel in Inner Mongolia were extracted from a Chinese Grassland
Classification (http://www.geodata.cn). However, using the grassland
map alone cannot guarantee excluding all pixels affected by human ac-
tivities. Land use has been changed greatly during the recent decades,
for example, afforestation with the implements of national ecological
restoration projects (Huang et al., 2013; Cai et al., 2020), and recla-
mation (Li et al., 2019). In addition, the resolution of newer land cover

and use products is too coarse to identify the area affected by these

human activities. Therefore, to exclude the pixels impacted by human
activities, the reduction of NDVI < 1% was excluded for analysis. In ad-
dition, pixels without rain reduction were also excluded because here
we focus on the impacts of dry condition. To better showing the spatial
pattern of resistance and resilience along MAP gradient, we divided all
pixels into 8 groups with 50 mm intervals, and then, we averaged each
group. We fitted the relations with linear functions at first. If p > 0.05
for the fitted linear function, we tried other functions, that is, expo-

nential, quadratic, and cubic and selected the one with the highest RZ.

3 | RESULTS

During the whole study period (1982-2013), ecosystems in the study
region experienced a 13-year below-average dry period, that is,
1999-2011 (11.5% or 35 mm/yr below average; Figure 2a). In com-
parison, the period preceding this dry period (i.e., 1982-1998) was a
normal period (4.9% or 15 mm/year above average), and the period
following this dry period (i.e., 2012-2013) with relatively higher pre-
cipitation than average was considered as the recovery period. NDVI
anomaly showed a similar temporal dynamics to the precipitation
anomaly, with obvious reduction during the dry period (Figure 2b).
This suggested that this long-term dry climate condition constrained
vegetation growth.

The reduction of precipitation during the dry period in compar-
ison with the predry period illustrated an obvious spatial pattern in
the study area (Figure 3a). For example, the degree of precipitation
reduction increased obviously from west to east, that is, the reduc-
tion was small in the dry desert ecosystems but large in more humid
meadow steppe regions (Figure 1). In comparison with precipitation,
except for some xeric areas in the western region, the reduction of
NDVI during the dry period was overall low across the study region
(Figure 3b). In general, precipitation reduction degree increased
with the MAP gradient (Figure 4a; p < .05; R? = 0.83). Specifically,
the PPT reduction was relatively low when MAP <150 mm and
showed a weak decline when MAP >350 mm (Figure 4a). In contrast,
NDVI did not illustrate a trend of reduction along the MAP gradient
(fluctuated around 4%:; p < 0.05; R? = 0.67) except for some obvious
reductions in the dry end (MAP < 100 mm; Figure 4b).

Apparently, ecosystem resistance to the dry period exhibited low

values in the drier west area but high values in the wetter east area,

200 0.02

—_ (a) - Normal period (b) [:I Positive
g W7 Dry period Negative
£ Recovery period 2
‘; g 0.01 1
= 5
=
g <
i ; 0.00 1 FIGURE 2 Time series of precipitation
E % anomaly (a) and NDVI anomaly (b) during
A~ 20011 1982-2013. The anomaly was calculated
' as the difference between annual
-100 y ! : p J p ! p . P recipitation (or NDVI) and mean annual
DI NI 5 S & S precipitation ( )
NN R R R ESOEEN KNS LS N NN precipitation (or NDVI) of the whole study

period (1982-2013)


http://www.geodata.cn

LIANG ET AL Ecology and Evolution —_—~WILEY 10585
(@ (b) N
A
50° N1 50° N 1
45° N1 45° N 1
40° N1 40° N 1
0 125250 500 0 125250 500
Kilometers Kilometers
100° E 110° E 120° E 100° E 110° E 120° E
0 4 8 12 16 20 >24 % 0 4 6 8 10 12 >14 %

FIGURE 3 Spatial patterns of the rain reduction (a) and NDVI reduction (b) during the decade-long dry period

FIGURE 4 Degree of reduction in 30 15 b
rainfall (a) and NDVI (b) along mean annual (@) . &)
precipitation gradient (p < 0.05). The 244 S 12
shaded area depicts the 95% credible = g
. L 2 18- 5 91
interval of the fitting =t S
= =
ERE Y 6
= 129 =
.g E
¢ 61 2 3
0 T T T T 0 T T T T
0 100 200 300 400 500 0 100 200 300 400 500
MAP (mm) MAP (mm)

suggesting that ecosystems in the drier regions was less resistant to
the dry condition (Figure 5a). Especially in western regions, despite
that the grasslands experienced slighter precipitation reduction,
they behaved a more vulnerable response. In terms of resilience,
except for the most western arid areas showing relatively low resil-
ience, the spatial pattern of resilience was heterogeneous, without a
notable spatial pattern in most areas (Figure 5b).

Ecosystem resistance to the dry period showed an increasing
trend along with the precipitation gradient (Figure 6a; p < 0.05;
R? = 0.89), suggesting that grasslands in wetter climate had stronger
capability to buffer the long-term dry condition than that in drier
climate. Comparing with resistance, ecosystem resilience strongly
increased with MAP and peaked at MAP of 250 mm (Figure 6b;
p < 0.05). It slightly decreased when MAP exceeded 250 mm. This
indicated that the vegetation recovery rate increased with MAP only
when MAP < 250 mm. The above results also suggested no trade-
off between resistance and resilience when MAP < 250 mm, and a
weak trade-off when MAP > 250 mm. Similarly, with only the sites
experienced a similar degree of rainfall reduction (e.g., rain reduction
between 5% and 10%), resistance increased with MAP (p < 0.05;
R? = 0.85) and resilience increased first and then tended to leveled
off at the wet end (Figure 6c,d; p < 0.05; R? = 0.75). This suggests

that, despite experiencing a similar degree of dry condition, the drier

sites exhibited both lower resistance and resilience.

4 DISCUSSION

|
4.1 | Resistance of grasslands to the decade-long
dry period along precipitation gradient

We found that the resistance to the dry period increased with MAP,
which is contrary to our expectation that grasslands in drier cli-
mates should be more resistant to drought conditions because the
plant species can be more drought-tolerated. However, our find-
ing is consistent with some earlier reports based on intersite com-
parisons (Knapp et al., 2015; Heisler-White et al., 2009; Cherwin
& Knapp, 2012). For example, Knapp et al. (2015) investigated six
grassland types ranging from desert grasslands to mesic tallgrass
prairie in the Central United States, finding higher ability to with-
stand the regional-scale drought for the grasslands in higher MAP.
Heisler-White et al. (2009) also drew a similar conclusion that in the
Central Plains Region of North America, xeric grasslands have lower

resistance to extreme rainfall reduction than the mesic grasslands.
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Grasslands in drier climates showing a lower resistance may be
attributed to the following three reasons. First, a large fraction of
plant species in the xeric grasslands are fast-growing and short-lived
species, which cannot maintain production during drought condi-
tions (Matos et al., 2020). Therefore, the short-lived species would
contribute greatly to the reduction of biomass production of the
whole plant community during the dry period, resulting in low re-
sistance. Alternatively, dry grasslands dominated by shallow-rooted
shrub species may have high mortality during the decade-long dry
period (Jacobsen & Pratt, 2018), resulting in less resistance than herb

species. Second, as MAP increases, the importance of precipitation

would become weaker and that of other resources, for example, soil
nutrient would become stronger. This would lead to a decrease in the
sensitivity of vegetation growth to precipitation change (Huxman
et al.,, 2004). In consequence, the long-term dry climate condition
would have less impacts on the plant communities having lower pre-
cipitation sensitivities (e.g., the mesic grasslands). Third, plant diver-
sity is higher in the grasslands with higher MAP (Bai et al., 2008).
The compensatory effect in the species-rich ecosystem can make
the productivity of the plant community main stable and exhibit the
high resistant ability to climate anomalies (Tilman et al., 1997; Loreau
and Hector, 2001; Bai et al., 2004; Cleland et al., 2013).
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To exclude the sites with influences by human activities, we
excluded the sites with NDVI reduction <1%. We realized that the
nonreduction of NDVI at some of these sites may not be influenced
by human activities, but just be a result of the high vegetation resis-
tance. Unfortunately, we cannot separate these sites from the sites
with influences of human activities in this study. These ecosystems
with super high resistance warrant further investigation when high-
resolution land use data is available.

4.2 | Resilience of grasslands to the decade-long dry
period along precipitation gradient

Vegetation resilience to the long-term dry condition increased
with MAP and peaked at 250 mm and then decreased slightly
(Figure 6b). To the best of our knowledge, our study is the first
reporting the spatial pattern of resilience in grasslands along a cli-
mate gradient. This result is beyond our expectation that ecosys-
tems in drier climates should have higher resilience. We speculated
that this spatial pattern may due to the changes in plant composi-
tion along the precipitation gradient and the duration of the dry
condition. Our expectation of higher resilience in drier climate
is based on the knowledge that the dominant species in grass-
lands are herbaceous, traits of these species in drier ecosystems
favor the fast-growing strategy after drought (Choat et al., 2018).
However, here in our study, the plant communities in <250 mm are
dominated by slow-growing shrub species, whose proportion in-
creases with aridity (Guo et al., 2012). The decade-long dry climate
would cause the mortality of the shrub species. Thereafter, the
recovery of the shrub species was slow after the dry period, and
thus, the slowest recovery rate occurred in the driest ecosystems.
Our speculation is supported by the spatial pattern of resilience
when MAP > 250 mm, where all species are herbaceous and veg-
etation resilience illustrated a slightly decreasing trend with MAP.
In addition, as a previous study clarified, MAP of ca. 250 mm is
the climatic threshold between desert steppe and typical steppe
in the study region, the precipitation sensitivity of vegetation
growth illustrates an opposite spatial pattern before and after this
threshold (Hu et al., 2018). The fraction of herb species increases
with MAP to 100% at the MAP threshold, which would result in an
increase in the rate of recovery (Hu et al., 2018). However, after
this threshold, recovery would be constrained since the competi-
tion of plant growth for water availability get stronger, and the im-
portance of other resources, for example, nutrient also get greater.

4.3 | Relationship between resistance and resilience

Our results illustrated a pattern of trade-off between resistance and
resilience when MAP > 250 mm. This is consistent with previous
reports on grassland ecosystems in which herbaceous species are

the dominant species in the plant community (Matos et al., 2020).
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However, our results do not support the hypothesis of a trade-off
between resistance and resilience when MAP < 250 mm. This dis-
crepancy may be caused by two reasons. First, the mechanisms of
vegetation response to short-term drought and long-term dry con-
ditions might be different. Current knowledge on the trade-off be-
tween resistance and resilience is mostly yielded based on studies of
single-year drought (Hoover et al., 2014; Matos et al., 2020; Gazol
et al., 2017). As discussed above, it is possible that the response and
recovery of a plant under a decade-long dry period and a single-
year drought would be quite different. Second, previous studies ad-
dressed the relationship between resistance and resilience at quite a
few sites, with similar plant compositions, for example, herbaceous
species (Stuart-Haéntjens et al., 2018; Craven et al., 2018; Matos
et al., 2020). The findings in our study are yielded with the satellite
data along a >3,000 km climate gradient. The dominant plant species
shift from herbaceous grass in the wettest end to the woody shrub
in the driest end.

Our findings revealed that the xeric grasslands in northern China
are both less resistant and resilient in response to the periodic dry
condition, implying that these ecosystems are more vulnerable than
the grasslands in a wetter climate. Given projected increases in mag-
nitude and duration of drought in the future, our study may help to
identify the highly vulnerable ecosystems which are more likely to
lose ecosystem functions. Thus, these susceptible regions require
more attention on management and conservation for the adaptation

to climate change.

5 | CONCLUSIONS

We investigated the spatial patterns of vegetation resistance and
resilience in response to a decade of dry period in the temperate
grasslands in China. Our results showed that the resistance to the
dry period increased with MAP, resilience increased at first until
at MAP of 250 mm, and then decreased slightly. We found no
trade-off between resistance and resilience in the xeric grasslands
(MAP < 250 mm), thus lower resistance and resilience happen to-
gether in drier regions. This allows us to draw a conclusion that xeric
ecosystems are most vulnerable to drought events, especially a long-
term dry period as illustrated in this study. Given expected increases
in drought severity and duration in the coming decades, our findings
may be helpful to identify the most vulnerable ecosystems in the
world for the purpose of climatic adaptation.

ACKNOWLEDGEMENTS

We thank Xuan Guo of Institute of Geographic Sciences and Natural
Resources Research, Chinese Academy of Sciences for her assis-
tance in data analysis. The authors appreciate the insightful and con-

structive comments from three anonymous reviewers and editors.

CONFLICT OF INTEREST

All authors state that there is no conflict of interest.



10588 WI LEY_ECObe and Evolution

LIANG ET AL.

AUTHOR CONTRIBUTIONS
Mingi Liang: Data curation (lead);

Methodology (lead); Writing-original draft (lead); Writing-review

Formal analysis (lead);

and editing (equal). Ruochen Cao: Writing-review and editing (equal).
Kai Di: Data curation (supporting); Formal analysis (supporting).
Daorui Han: Writing-review and editing (supporting). Zhongmin Hu:
Funding acquisition (lead); Project administration (lead); Writing-
review and editing (lead).

DATA AVAILABILITY STATEMENT
The data that support the findings of this study made available at
https://doi.org/10.5061/dryad.gb5mkkwq3.

ORCID

Zhongmin Hu https://orcid.org/0000-0002-4801-5370

REFERENCES

Bai, Y., Han, X., Wu, J.,, Chen, Z., & Li, L. (2004). Ecosystem stability
and compensatory effects in the Inner Mongolia grassland. Nature,
431(7005), 181-184. https://doi.org/10.1038/nature02850

Bai, Y., Wu, J., Xing, Q. I, Pan, Q.,, Huang, J., Yang, D., & Han, X. (2008).
Primary production and rain use efficiency across a precipitation gra-
dient on the Mongolia plateau. Ecology, 89(8), 2140-2153. https://
doi.org/10.1890/07-0992.1

Cai, D., Ge, Q., Wang, X., Liu, B., Goudie, A. S., & Hu, S. (2020).
Contributions of ecological programs to vegetation restoration
in arid and semiarid China. Environmental Research Letters, 15(11),
114046. https://doi.org/10.1088/1748-9326/abbde9

Cherwin, K., & Knapp, A. (2012). Unexpected patterns of sensitivity to
drought in three semi-arid grasslands. Oecologia, 169(3), 845-852.
https://doi.org/10.1007/s00442-011-2235-2

Choat, B., Brodribb, T. J., Brodersen, C. R., Duursma, R. A., Lépez, R.,
& Medlyn, B. E. (2018). Triggers of tree mortality under drought:
Supplementary Information. Nature, 558(7711), 531-539. https://
doi.org/10.1038/541586-018-0240-x

Cleland, E. E., Collins, S. L., Dickson, T. L., Farrer, E. C., Gross, K. L.,
Gherardi, L. A., Hallett, L. M., Hobbs, R. J., Hsu, J. S., Turnbull, L., &
Suding, K. N. (2013). Sensitivity of grassland plant community com-
position to spatial vs. temporal variation in precipitation. Ecology,
94(8), 1687-1696. https://doi.org/10.1890/12-1006.1

Craven, D., Polley, H. W., & Wilsey, B. (2018). Multiple facets of biodi-
versity drive the diversity - stability relationship. Nature Ecology and
Evolution. https://doi.org/10.1038/s41559-018-0647-7.Rights

Cubasch, U., Wuebbles, D.,Chen, D., Facchini,M. C., Frame, D., Mahowald,
N., & Winther, J.-G. (2013). Introduction. In: Climate Change 2013: The
Physical Science Basis. Contribution of Working Group | to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change.
Cambridge, UK: New York, NY: Cambridge University Press.

Dai, A. (2013). Increasing drought under global warming in observations
and models. Nature Climate Change. Nature Publishing Group, 3(1), 52-
58. https://doi.org/10.1038/nclimate1633

Dixon, A. P., Faber-Langendoen, D., Josse, C., Morrison, J., & Loucks, C.
J. (2014). Distribution mapping of world grassland types. Journal of
Biogeography, 41(11), 2003-2019. https://doi.org/10.1111/jbi.12381

Evans, S. E., Byrne, K. M., Lauenroth, W. K., & Burke, I. C. (2011). Defining
the limit to resistance in a drought-tolerant grassland: Long-term
severe drought significantly reduces the dominant species and in-
creases ruderals. Journal of Ecology, 99(6), 1500-1507. https://doi.
org/10.1111/j.1365-2745.2011.01864.x

Gazol, A., Camarero, J. J., Anderegg, W. R. L., & Vicente-Serrano, S. M.
(2017). Impacts of droughts on the growth resilience of Northern

Hemisphere forests. Global Ecology and Biogeography, 26(2), 166-176.
https://doi.org/10.1111/geb.12526

Gazol, A., Camarero, J. J., Vicente-Serrano, S. M., Sanchez-Salguero, R.,
Gutiérrez, E., de Luis, M., Sangliesa-Barreda, G., Novak, K., Rozas,
V., Tiscar, P. A., Linares, J. C., Martin-Hernandez, N., Martinez del
Castillo, E., Ribas, M., Garcia-Gonzélez, 1., Silla, F., Camison, A.,
Génova, M., Olano, J. M., ... Galvan, J. D. (2018). Forest resilience
to drought varies across biomes. Global Change Biology, 24(5), 2143-
2158. https://doi.org/10.1111/gcb.14082

Grime, J. P. (2000). The response of Two contrasting limestone grass-
lands to simulated climate change. Science, 289(5480), 762-765.
http://dx.doi.org/10.1126/science.289.5480.762

Guo, Q., Hu, Z., Li, S., Li, X., Sun, X., & Yu, G. (2012). Spatial variations
in aboveground net primary productivity along a climate gradient in
Eurasian temperate grassland: Effects of mean annual precipitation
and its seasonal distribution. Global Change Biology, 18(12), 3624-
3631. https://doi.org/10.1111/gcb.12010

Guo, Q,, Li, S., Hu, Z., Zhao, W., Yu, G., Sun, X., Li, L., Liang, N. & Bai,
W. (2016). Responses of gross primary productivity to different
sizes of precipitation events in a temperate grassland ecosystem in
Inner Mongolia, China. Journal of Arid Land, 8(1), 36-46. https://doi.
org/10.1007/s40333-015-0136-7

Harrison, P. A., Berry, P. M., Simpson, G., Haslett, J. R, Blicharska, M.,
Bucur, M., Dunford, R., Egoh, B., Garcia-Llorente, M., Geamana, N.,
Geertsema, W., Lommelen, E., Meiresonne, L., & Turkelboom, F.
(2014). Linkages between biodiversity attributes and ecosystem ser-
vices: A systematic review. Ecosystem Services, 9, 191-203. https://
doi.org/10.1016/j.ecoser.2014.05.006

Hayha, T., & Franzese, P. P. (2014). Ecosystem services assessment: A
review under an ecological-economic and systems perspective.
Ecological Modelling, 289, 124-132. https://doi.org/10.1016/j.ecolm
0del.2014.07.002

Heisler-white, J. L., Blair, J. M., Kelly, E. F., Harmoney, K., & Knapp, A.
K. (2009). Contingent productivity responses to more extreme rain-
fall regimes across a grassland biome. Global Change Biology, 15(12),
2894-2904. https://doi.org/10.1111/j.1365-2486.2009.01961.x

Hoover, D. L., Knapp, A. K., & Smith, M. D. (2014). Resistance and resil-
ience of a grassland ecosystem to climate extremes. Ecology, 95(9),
2646-2656. https://doi.org/10.1890/13-2186.1

Hu, Z., Guo, Q,, Li, S., Piao, S., Knapp, A. K., Ciais, P., Li, X., & Yu, G. (2018).
Shifts in the dynamics of productivity signal ecosystem state transi-
tions at the biome-scale. Ecology Letters, 21(10), 1457-1466. https://
doi.org/10.1111/ele.13126

Huang, L., Xiao, T., Zhao, Z., Sun, C., Liu, J., Shao, Q., Fan, J., & Wang, J.
(2013). Effects of grassland restoration programs on ecosystems in
arid and semiarid China. Journal of Environmental Management, 117,
268-275. https://doi.org/10.1016/j.jenvman.2012.12.040

Hutchinson, M. F. (1995). Interpolating mean rainfall using thin plate
smoothing splines. International journal of geographical informa-
tion systems, 9(4), 385-403. http://doi.org/10.1080/0269379950
8902045

Huxman, T. E., Smith, M. D., Fay, P. A., Knapp, A. K., Shaw, M. R., Loik, M.
E., Smith, S. D., Tissue, D. T., Zak, J. C., Weltzin, J. F., Pockman, W.
T., Sala, O. E., Haddad, B. M., Harte, J., Koch, G. W., Schwinning, S.,
Small, E. E., & Williams, D. G. (2004). Convergence across biomes to
a common rain-use efficiency. Nature, 429(6992), 651-654. https://
doi.org/10.1038/nature02561

Ingrisch, J., & Bahn, M. (2018). Towards a comparable quantification of
resilience. Trends in Ecology and Evolution, 33(4), 251-259. https://doi.
org/10.1016/j.tree.2018.01.013

Isbell, F., Craven, D., Connolly, J., Loreau, M., Schmid, B., Beierkuhnlein,
C.,Bezemer, T.M,, Bonin, C., Bruelheide, H., De Luca, E., Ebeling, A.,
Griffin, J. N., Guo, Q., Hautier, Y., Hector, A., Jentsch, A., Kreyling,
J., Lanta, V., Manning, P., ... Eisenhauer, N. (2015). Biodiversity
increases the resistance of ecosystem productivity to climate


https://doi.org/10.5061/dryad.gb5mkkwq3
https://orcid.org/0000-0002-4801-5370
https://orcid.org/0000-0002-4801-5370
https://doi.org/10.1038/nature02850
https://doi.org/10.1890/07-0992.1
https://doi.org/10.1890/07-0992.1
https://doi.org/10.1088/1748-9326/abbde9
https://doi.org/10.1007/s00442-011-2235-2
https://doi.org/10.1038/s41586-018-0240-x
https://doi.org/10.1038/s41586-018-0240-x
https://doi.org/10.1890/12-1006.1
https://doi.org/10.1038/s41559-018-0647-7.Rights
https://doi.org/10.1038/nclimate1633
https://doi.org/10.1111/jbi.12381
https://doi.org/10.1111/j.1365-2745.2011.01864.x
https://doi.org/10.1111/j.1365-2745.2011.01864.x
https://doi.org/10.1111/geb.12526
https://doi.org/10.1111/gcb.14082
http://dx.doi.org/10.1126/science.289.5480.762
https://doi.org/10.1111/gcb.12010
https://doi.org/10.1007/s40333-015-0136-7
https://doi.org/10.1007/s40333-015-0136-7
https://doi.org/10.1016/j.ecoser.2014.05.006
https://doi.org/10.1016/j.ecoser.2014.05.006
https://doi.org/10.1016/j.ecolmodel.2014.07.002
https://doi.org/10.1016/j.ecolmodel.2014.07.002
https://doi.org/10.1111/j.1365-2486.2009.01961.x
https://doi.org/10.1890/13-2186.1
https://doi.org/10.1111/ele.13126
https://doi.org/10.1111/ele.13126
https://doi.org/10.1016/j.jenvman.2012.12.040
http://doi.org/10.1080/02693799508902045
http://doi.org/10.1080/02693799508902045
https://doi.org/10.1038/nature02561
https://doi.org/10.1038/nature02561
https://doi.org/10.1016/j.tree.2018.01.013
https://doi.org/10.1016/j.tree.2018.01.013

LIANG ET AL.

extremes. Nature, 526(7574), 574-577. https://doi.org/10.1038/
naturel5374

Jacobsen, A. L., & Pratt, R. B. (2018). Extensive drought-associated plant
mortality as an agent of type-conversion in chaparral shrublands. New
Phytologist, 219(2), 498-504. https://doi.org/10.1111/nph.15186

Knapp, A. K., Carroll, C. J. W., Denton, E. M., La Pierre, K. J., Collins,
S. L., & Smith, M. D. (2015). Differential sensitivity to regional-scale
drought in six central US grasslands. Oecologia, 177(4), 949-957.
https://doi.org/10.1007/s00442-015-3233-6

Knapp, A. K., & Smith, M. D. (2001). Variation among biomes in temporal
dynamics of aboveground primary production. Science, 291(5503),
481-484. https://doi.org/10.1126/science.291.5503.481

Li, S., Yan, C., Wang, T., & Du, H. (2019). Monitoring grassland reclama-
tion in the Mu Us Desert using remote sensing from 2010 to 2015.
Environmental Earth Sciences, 78(10), 1-9. https://doi.org/10.1007/
$12665-019-8317-x

Lloret, F., Keeling, E. G., & Sala, A. (2011). Components of tree re-
silience: Effects of successive low-growth episodes in old pon-
derosa pine forests. Oikos, 120(12), 1909-1920. https://doi.
org/10.1111/j.1600-0706.2011.19372.x

Loreau, M., & Hector, A. (2001). Partitioning selection and complemen-
tarity in biodiversity experiments. Nature, 412(6842), 72-76. https://
doi.org/10.1038/35083573

Matos, I.S.,Menor, |. O., Rifai,S. W., & Rosado, B. H. P.(2020). Deciphering
the stability of grassland productivity in response to rainfall manipu-
lation experiments. Global Ecology and Biogeography, 29(3), 558-572.
https://doi.org/10.1111/geb.13039

Ponce-Campos, G. E., Moran, M. S., Huete, A., Zhang, Y., Bresloff, C.,
Huxman, T. E., Eamus, D., Bosch, D. D., Buda, A. R., Gunter, S. A.,
Scalley, T. H., Kitchen, S. G., McClaran, M. P.,, McNab, W. H., Montoya,
D. S., Morgan, J. A., Peters, D. P. C., Sadler, E. J., Seyfried, M. S., &
Starks, P. J. (2013). Ecosystem resilience despite large-scale altered
hydroclimatic conditions. Nature, 494(7437), 349-352. https://doi.
org/10.1038/nature11836

Ruppert, J. C., Harmoney, K., Henkin, Z., Snyman, H. A., Sternberg, M.,
Willms, W., & Linstadter, A. (2015). Quantifying drylands’ drought
resistance and recovery: The importance of drought intensity, dom-
inant life history and grazing regime. Global Change Biology, 21(3),
1258-1270. https://doi.org/10.1111/gcb.12777

Schmid, B., & Pfisterer, A. B. (2002). Diversity-dependent production can
decrease the stability of ecosystem functioning. Nature, 416(March),
84-86.

Ecology and Evolution . Jﬂ
9 e~ WILEY

Open Access,

Stuart-Haéntjens, E., De Boeck, H. J., Lemoine, N. P., Mand, P., Kroel-
Dulay, G., Schmidt, I. K., Jentsch, A., Stampfli, A., Anderegg, W. R.
L., Bahn, M., Kreyling, J., Wohlgemuth, T., Lloret, F., Classen, A. T.,
Gough, C. M., & Smith, M. D. (2018). Mean annual precipitation
predicts primary production resistance and resilience to extreme
drought. Science of the Total Environment, 636(April), 360-366.
https://doi.org/10.1016/j.scitotenv.2018.04.290

Tilman, D. (1996). Biodiversity: Population versus ecosystem stability.
Ecology, 77(2), 350-363.

Tilman, D., Lehman, C. L., & Thomson, K. T. (1997). Plant diversity and
ecosystem productivity: Theoretical considerations. Proceedings of
the National Academy of Sciences of the United States of America, 94(5),
1857-1861. https://doi.org/10.1073/pnas.94.5.1857

Van Ruijven, J., & Berendse, F. (2010). Diversity enhances community
recovery, but not resistance, after drought. Journal of Ecology, 98(1),
81-86. https://doi.org/10.1111/j.1365-2745.2009.01603.x

Wilcox, K. R., Shi, Z., Gherardi, L. A., Lemoine, N. P., Koerner, S. E.,
Hoover, D. L., Bork, E., Byrne, K. M., Cahill, J., Collins, S. L., Evans,
S., Gilgen, A. K., Holub, P, Jiang, L., Knapp, A. K., LeCain, D., Liang,
J., Garcia-Palacios, P., Pefuelas, J., ... Luo, Y. (2017). Asymmetric
responses of primary productivity to precipitation extremes: A
synthesis of grassland precipitation manipulation experiments.
Global Change Biology, 23(10), 4376-4385. https://doi.org/10.1111/
gch.13706

Zhao, M., & Running, S. W. (2010). Drought-induced reduction in global
terrestrial net primary production from 2000 through 2009. Science,
329(5994), 940-943. https://doi.org/10.1126/science.1192666

Zhao, X., Wei, H., Liang, S., Zhou, T, He, B., Tang, B., & Wu, D. (2015).
Responses of natural vegetation to different stages of extreme
drought during 2009-2010 in Southwestern China. Remote Sensing,
7(10), 14039-14054. https://doi.org/10.3390/rs71014039

How to cite this article: Liang, M., Cao, R., Di, K., Han, D., &
Hu, Z. (2021). Vegetation resistance and resilience to a
decade-long dry period in the temperate grasslands in China.
Ecology and Evolution, 11, 10582-10589. https://doi.
org/10.1002/ece3.7866



https://doi.org/10.1038/nature15374
https://doi.org/10.1038/nature15374
https://doi.org/10.1111/nph.15186
https://doi.org/10.1007/s00442-015-3233-6
https://doi.org/10.1126/science.291.5503.481
https://doi.org/10.1007/s12665-019-8317-x
https://doi.org/10.1007/s12665-019-8317-x
https://doi.org/10.1111/j.1600-0706.2011.19372.x
https://doi.org/10.1111/j.1600-0706.2011.19372.x
https://doi.org/10.1038/35083573
https://doi.org/10.1038/35083573
https://doi.org/10.1111/geb.13039
https://doi.org/10.1038/nature11836
https://doi.org/10.1038/nature11836
https://doi.org/10.1111/gcb.12777
https://doi.org/10.1016/j.scitotenv.2018.04.290
https://doi.org/10.1073/pnas.94.5.1857
https://doi.org/10.1111/j.1365-2745.2009.01603.x
https://doi.org/10.1111/gcb.13706
https://doi.org/10.1111/gcb.13706
https://doi.org/10.1126/science.1192666
https://doi.org/10.3390/rs71014039
https://doi.org/10.1002/ece3.7866
https://doi.org/10.1002/ece3.7866

