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A B S T R A C T   

Drought is one of the most complex hydrological and climate disasters, causing damage to ecosystem structure 
and function. Ecosystem resilience is considered a key concept for understanding and describing the response of 
ecosystems to drought. Recovery time, as an important measure of resilience, has been widely used to assess 
ecosystem resilience to drought, but there is a deficiency in distinguishing the difference in recovery time under 
various drought intensities. On the basis of the existing assessment of drought resilience based on recovery time, 
we defined a new resilience indicator using an exponentially fitted curve to characterize the relationship between 
drought intensity and the corresponding recovery time, and the resilience was quantified by the curve area. 
Resistance represents the capacity of ecosystems to remain stable during droughts, and we quantified the 
resistance indicator by the ratio of the frequency of no vegetation loss during drought to drought frequencies. 
Our results showed that the ecosystem resilience to drought increased from arid to sub-humid regions in China’s 
dryland, and resistance was the lowest in the semiarid region. There was a trade-off between resilience and 
resistance: grassland had higher resilience and lower resistance than forestland. Drought memory contributed to 
the high resilience in the case of high drought frequency. These findings enriched the identification of the 
resilience of ecosystems to drought and the relationship between resilience and resistance and drought frequency 
in drylands.   

1. Introduction 

Drought is defined as an extreme event caused by meteorological 
factors and has serious impacts on the hydrological cycle, such as de-
creases in precipitation, runoff and soil moisture (González and Valdés, 
2006). Drought in arid environments may increase the possibility of 
forestland fires and land degradation (Vicente-Serrano et al., 2020), 
cause a decrease in vegetation production and even change the biodi-
versity (Clark et al., 2016). According to the damage to the structure and 
function of ecosystems (Orimoloye et al., 2021), drought is regarded as 
one of the most complex hydrological and climate disasters affecting the 
world (Ledger et al., 2013; Vicente-Serrano et al., 2020; Zargar et al., 
2011). The intensity, frequency and severity of drought worldwide are 
expected to increase in the context of future climate change (Sheffield 
and Wood, 2008; Vicente-Serrano et al., 2020), and the impact of 
drought on ecosystems will be more serious and complex. To cope with 
the negative effects of drought on ecosystems, the scientific community 

must understand how ecosystems respond to drought. 
The resilience of ecosystems after drought and the resistance of 

ecosystems to drought have become important entry points for clari-
fying the response of ecosystems to drought (Gazol et al., 2017; Li et al., 
2020; Vogel et al., 2012). Resilience is defined as the ability of an 
ecosystem to return to its normal state after experiencing disturbance 
(Francis and Bekera, 2014; He et al., 2018; Li et al., 2019; Quinlan et al., 
2016; Schwalm et al., 2017). Resistance refers to the ability of ecosys-
tems to maintain the state unchanged under drought disturbances 
(Chang et al. 2018; Isbell et al. 2015; de Vries et al. 2012). 

As an important measure of resilience, recovery time refers to how 
long it takes for an ecosystem to return to its pre-drought functional state 
(De Faria et al., 2020; Liu et al., 2019; Schwalm et al., 2017). Most 
ecosystems can experience continuous drought disturbances, where the 
ecosystem may not have recovered from the last drought disturbance 
before the next drought (Arani et al., 2021). Therefore, it is important to 
clarify the recovery time required for the ecosystem after a drought 
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occurs because only if this recovery time is shorter than the time interval 
of the next drought can the ecosystem recover to its pre-drought state 
(De Faria et al., 2020; Li et al., 2020). Previous studies have assessed the 
recovery time of terrestrial ecosystems from drought. Schwalm et al. 
(2017) pointed out that the tropics and high northern latitudes were 
vulnerable to drought and had the longest recovery time. He et al. 
(2018) comprehensively explored the resilience of ecosystems to 
drought by assessing the recovery time of gross primary production, 
total ecosystem respiration, net ecosystem exchange and latent heat 
flux. Fu et al. (2017) pointed that recovery time was related to distur-
bance and ecosystem experienced severer disturbances requiring longer 
recovery times. We found that these works did not distinguish the dif-
ference in recovery time under different drought intensities, it is crucial 
for understanding the response of ecosystems to drought because the 
recovery times under different drought intensities can be different 
(Godde et al., 2019). Therefore, establishing the nexus between the 
drought intensity and the corresponding recovery time is required to 
judge whether the ecosystem can recover under continuous drought 
disturbance. With the abovementioned requirements, comparing the 
drought intensity that the ecosystem can tolerate has the potential to 
provide an angle of view to judge the recovery ability (resilience) of 
different ecosystems in the same recovery time. 

Some studies have shown a trade-off between the resilience and 
resistance of different vegetation types, especially forests and grassland. 
Stuart-Haëntjens et al. (2018) pointed out that grasslands had higher 
resilience and lower resistance than forests. Forests containing assem-
blages of long-lived woody were expected to be more resistant to 
drought but less resilience (Wu et al., 2014; Zhang et al., 2021a). 
Conversely, grassland plant species with annual renewal may be less 
resistant to drought but more resilient because of rapid 
re-establishment, growth (Hoover et al., 2014). Even with the same 
vegetation, as drought continued, the change in resilience was opposite 
to the change in resistance. A recent study indicated that the resilience of 
gymnosperms to drought markedly increased as drought continued, but 
its resistance gradually decreased (Li et al., 2020). However, evidence 
on the trade-off relationship between resilience and resistance is still 
limited, and it is necessary to conduct research on a larger spatial scale. 

Accordingly, we aim to couple drought intensity and recovery time 
to assess the resilience of ecosystems to droughts. China’s drylands are 
the largest among all developing countries, and has abundant climate 
information and vegetation variations (Huang et al., 2019; Prăvălie, 
2016; Yao et al., 2021b). We used China’s drylands as a case study area 
to explore the response of the ecosystem to drought, which could be 
conducted using the following three steps: (1) build resilience indicator 
based on drought intensity and recovery time and draw ecosystem 
resilience curves; (2) quantify the ecosystem resilience and resistance to 
drought of different climate regions and vegetation types; (3) explore 
the changes in resilience with resistance and drought frequency. 

2. Data and methods 

2.1. Datasets 

The 1 km gridded monthly average temperature and monthly total 
precipitation from the National Earth System Science Data Centre (htt 
p://www.geodata.cn/data/datadetails.html?dataguid=164304 
785536614&docId=61) were used to calculate the standardized pre-
cipitation evapotranspiration index (SPEI) (Wang et al., 2021). Leaf area 
index (LAI), an important vegetation structural variable (Fang et al., 
2021), represents the amount of leaf area per unit horizontal ground 
surface area and is one of the most important parameters to measure 
leaves and their activities (Breda, 2003; Chaturvedi et al., 2017; 
Jonckheere et al., 2004; Yan et al., 2019). Because it has clear physical 
explanations and is a basic variable in almost all land-surface models, 
LAI has been widely used in recent ecosystem studies (Piao et al., 2020). 
We used the Global Inventory Modelling and Mapping Studies (GIMMS) 
LAI3g dataset to identify the changes in an ecosystem disturbed by 
drought (Hoff and Rambal, 2003; Piao et al., 2015; Zhu et al., 2016). All 
the above data in this research were from 1982 to 2016, and the dryland 
classification data for China were from (Yao et al., 2021b). 

2.2. SPEI time series 

We selected the universal drought indicator SPEI (at a time scale of 3 
months) to characterize drought events (Beguería et al., 2014; Li et al., 
2019; Wang et al., 2019). The SPEI represents the degree of deviation 
from dry and wet conditions; a positive SPEI indicates wet conditions, 
and a negative SPEI indicates dry conditions. The monthly temperature 
and precipitation data were used to calculate the SPEI by standardizing 
the difference between potential evaporation and precipitation. 

2.3. Theoretical basis of the resilience indicator coupled with drought 
intensity and recovery time 

2.3.1. Drought recovery time increases with increasing drought intensity 
Ecosystem recovery time increased with increasing drought intensity 

if the drought intensity was below the upper limit that could cause 
ecosystem collapse (DeChant and Moradkhani, 2015). Visually, the na-
ture of the ecosystem under drought disturbance was similar to that of a 
spring (Fig. 1); that is, the functional traits of the ecosystem were 
compressed when it was disturbed, and the ecosystem slowly recovered 
after the disturbance disappeared. a, b, and c represent the state of an 
ecosystem under different drought intensities. From a to c, the drought 
intensity continues to increase, and the negative impact of drought on 
the ecosystem increases, showing a longer recovery time due to greater 
compression (Fig. 1). Accordingly, we built a resilience indicator that 
couples ecosystem recovery time and drought intensity to characterize 
ecosystem resilience to drought under various drought intensities. 

2.3.2. Ecosystems that can tolerate larger drought intensities tend to have 
higher resilience to drought under the same recovery time 

When considering both the recovery time and drought intensity to 
evaluate the resilience of the ecosystem to drought, we controlled the 
recovery time variable and assessed the resilience by comparing the 
drought intensity. That is, within the same recovery period, for two 
different ecosystems, the ecosystem that endures greater drought in-
tensity is considered to have greater resilience. If the two ecosystems 
endure the same drought intensity and return to the pre-drought state 
during the same recovery time, it means that they have the same resil-
ience to drought. 

2.4. Resilience curves 

2.4.1. Definitions of drought intensity and recovery time 
We used the “detrend” function to remove the LAI trends pixel by 

Fig. 1. The observation of ecosystem resilience to drought dynamically re-
sponds to drought intensity and recoverability. The nature of an ecosystem is 
similar to that of a spring; the greater the force applied to the spring is, the 
greater the spring elasticity is. a, b and c represent the state of an ecosystem 
under different drought intensities. From a to c, the drought intensity increases, 
and the ecosystem recovery time to drought correspondingly increases. 
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pixel in MATLAB (R2020a) to focus only on their fluctuations. To avoid 
the influence caused by seasonal cycles, we detrended the data series 
month by month. Taking January as an example, the data from January 
1982 to January 2016 are formed into a time series; then we de-trended 
the data in this time series and calculated the standard deviation. The 
LAI anomaly was defined as a detrended LAI below a standard deviation 
of -0.5 (-0.5 SD) (Diffenbaugh et al., 2015). The vegetation loss was the 
difference between the LAI anomaly and -0.5 SD. SPEI below -1 was 
defined as drought (Rhee and Im, 2017). 

Recovery time is the period within which it takes ecosystems to re-
turn to their normal state (Fu et al., 2017). Following this definition, we 
calculated recovery time as the length of time from detrended LAI below 
-0.5SD to returning to -0.5SD again (Yu et al., 2017). Only when the 
detrended LAI has been in a normal state (± 0.5 SD) for at least 2 months 
will it be defined as recovery from drought (Zhang et al., 2021c). We also 
compared the calculation with the recovery time beginning at the end of 
the drought (Schwalm et al., 2017). To reduce the influence of other 
non-drought factors causing a LAI reduction, we selected the series in 
which drought and LAI anomalies occurred simultaneously (Gampe 
et al., 2021; Gazol et al., 2017; Li et al., 2019; Liu et al., 2019). If no 
drought event occurred during the LAI anomaly period, these LAI data 
series were deleted. Taking c as an example (Fig. 2), as there was no 
drought, such data were not used, although there was a LAI anomaly. 
After data removal, we selected the data that met the requirements for 
further analysis. Taking the information in Fig. 2 as an example, the 
recovery times of b, d and e was 8 T, 4 T and 3 T, respectively (T=1 
month). 

Drought intensity was calculated as the sum of SPEI values associated 
with the drought months for each drought event during the recovery 
time using Eq. (1) (Chiang et al., 2021; Deo et al., 2017; Pei et al., 2020; 
Zhai et al., 2020). Taking a recovery time of 5 months as an example, 
drought duration may vary from 1 to 5 months during the recovery time. 
To ensure enough drought events and get the maximum drought in-
tensity, we removed the samples that drought duration was less than 
half of the recovery time. Taking the recovery time of 5 as an example, if 
the drought duration is 1 month or 2 months, the samples will be 
deleted. 

Drought intensity =
∑n

i=1
SPEIi (1)  

where n refers to the number of SPEI values in a given recovery time, 
i≤n. 

2.4.2. Resilience curve and qualification of resilience 
The resilience curve is represented by fitting the two-dimensional 

points with drought intensity as the ordinate and recovery time as the 
abscissa. The curve indicates the maximum drought intensity acceptable 
for the ecosystem to return to its normal state (LAI anomaly within ±0.5 
SD) at the given recovery time. The ecosystem has resilience only when 
the two-dimensional point, with the recovery time as the abscissa and 
the drought intensity as the ordinate, is below the resilience curve; if it 
exceeds the resilience curve, the ecosystem cannot recover to its pre- 
drought state within the given recovery time. 

According to the coefficient of determination R2, we chose the log-
arithmic function to fit the resilience curve. We use the area of the 
resilience curve to characterize the resilience value at each recovery 
time: the larger the area of the resilience curve is, the greater the 
ecosystem resilience to drought under the same recovery time. The area 
of the resilience curve was defined as the definite integral value of the 
resilience curve, which could be obtained using Eq. (2) by calculating 
the definite integral of the fitted function (Ffun) (Jones, 2015). Ffun rep-
resented the exponential relationship between drought intensity and 
recovery time, with the details in Tables A1, A3 and A5. The significant 
tests of different ecosystem were in Tables A2, A4 and A6. We calculated 
the ecosystem resilience under different drought intensities, drew the 
resilience curves of different climate regions and land cover types to 
analyse the difference in ecosystem resilience among various geographic 
regions. 

Resilience =

∫t

1

Ffun d(t) (2)  

where t represents the abscissa of the resilience curve. 

Fig. 2. Curve diagram of the SPEI and detrended LAI in a time series. a indicates that there is a drought but no LAI anomaly (detrended LAI below -0.5 SD). c 
indicates that there is a LAI anomaly but no drought. b, d and e represent the different recovery times from various droughts. Green shadowing represents the 
cooccurrence of drought and LAI anomalies, and purple shadowing represents that drought or LAI anomalies occur separately. 
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2.4.3. The interpretation of resilience curve 
Ecosystems responded differently when drought occurred even if the 

intensity was the same, showing longer or shorter recovery times. Eco-
systems that bear higher drought intensity were considered more resil-
ient to drought at the same recovery time. The resilience curve reflected 
the relationship between drought intensity and the corresponding re-
covery time and was used to characterize and compare the resilience 
among ecosystems (Fig. 3). The drought intensity of ecosystem A and 
ecosystem B was DA and DB when the recovery time was 4.5 T. 

Ecosystem B had a higher resilience than ecosystem A due to DB greater 
than DA. Only when the two-dimensional points, with drought intensity 
as the ordinate and recovery time as the abscissa, were below the 
resilience curve could the ecosystems recover to their normal state 
within the recovery time. Taking point K as an example, the intensity of 
K was Dk, which was higher than that of ecosystem A and lower than that 
of ecosystem B. It was clear that ecosystem A could recover if hit by Dk 
within the recovery time of 4.5 T, but ecosystem B could not recover to 
the normal state. 

The resilience curve showed the relationship of drought intensity and 
recovery time of the ecosystem. Knowing the drought intensity, we 
could calculate the recovery time based on the fitted equation of this 
curve, which provided a novel perspective for estimating the recovery 
time for the studied ecosystem. For example, we could attain that the 
recovery times of ecosystem A and ecosystem B were txA and txB if Dx 
occurred. For ecosystem A, the time interval from the next drought must 
be greater than txA; otherwise, ecosystem A would suffer from drought 
again without returning to its normal state, which may change the 
structure and function of the ecosystem or cause the ecosystem to 
collapse. 

2.5. Ecosystem resistance to drought 

Ecosystems have a certain ability to resist drought, which means that 
no loss occurs during drought, such as a in Fig. 2, which shows that 
ecosystems have the capacity to absorb a certain amount of drought and 
remain unchanged, which is called resistance. Ecosystems prone to loss 
during drought are considered to have low resistance (Bennett et al., 
2014). To quantify resistance, we calculated both the annual average 
frequency of the drought (SPEI<-1) from 1982 to 2016, named FreDro, 
and the annual average frequency of the co-occurrence of the drought 
and LAI anomaly, named FreDro-lai. The ecosystem resistance (Rs) to 
drought was calculated by Eq. (3). The ratio was normalized to the 0-1 
range by using the maximum and minimum values. 

Rs = 1 −

(
FreDro− lai

FreDro

)

(3)  

Fig. 3. Resilience curve based on recovery time and drought intensity. The 
green curve represents the relationship of drought and recovery time of 
ecosystem A, and the blue curve represents ecosystem B. DA and DB represent 
the drought intensities that ecosystem A and ecosystem B could bear when the 
given recovery time is 4.5 T (T = 1 month). For K (the black dot), the intensity 
of K is Dk, and the recovery time is 4.5 T. txA and txB are the recovery times of 
ecosystem A and ecosystem B with a drought of Dk intensity. 

Fig. 4. Resilience curves and violin diagram of the resistance of different climate regions. A, SA and SH represent arid, semiarid and sub-humid regions, respectively. 
DA, DSA and DsH are the drought intensities that the ecosystem could bear at the given recovery time of t in arid, semiarid and sub-humid regions, respectively. 
Drought intensity was calculated as the sum of SPEI values associated with the drought months for each drought event, T= 1 month. *** indicates a significant 
difference at the P < 0.001 level. 
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2.6. Resilience under different resistances, drought frequencies and 
vegetation losses 

To show the distribution of resilience at different levels of resistance, 
drought frequency and vegetation loss, we divided resistance, drought 

frequency and vegetation loss into two intervals using the median. 
Drought frequencies below and above the median were written as F1 and 
F2, respectively. Resistance below and above the median were written as 
R1 and R2, respectively. Vegetation losses below and above the median 
were written as L1 and L2. Considering the difference in resilience of 

Fig. 5. Resilience curves and violin diagram of the resistance of different vegetation types. a represents the resilience of forestland and grassland, and b represents 
the resistance of forestland and grassland to drought. *** indicates a significant difference at the P < 0.001 level. 

Fig. 6. Resilience curves under different drought frequencies and resistances. R1 and R2 were below and above the median resistance, respectively, and F1 and F2 
were below and above the median drought frequency, respectively. a and b represent the resilience curves of different drought frequencies under R1 and R2. c and 
d represent the resilience curves of different resistances under F1 and F2. 
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climatic regions, we further calculated the proportion of climatic regions 
in different vegetation loss intervals, contributing to the understanding 
that the difference in the resilience of vegetation loss intervals is not 
caused by the difference in the resilience of climatic regions. 

3. Results 

3.1. Ecosystem resilience and resistance in different climatic regions 

The changes in ecosystem resilience and resistance to drought are not 
synchronized along the drought gradient. The ecosystem resilience to 
drought increased from arid to sub-humid regions in China’s dryland. 
The resilience curves of different climate regions were plotted (Fig. 4a), 
and more details about the resilience curves are shown in Table A1. 
Under the same recovery time, the largest area of resilience curves 

indicated the greatest ecosystem resilience to drought in sub-humid 
regions. The areas of the resilience curves were 20.51, 21.05 and 
21.47 in the arid, semiarid and sub-humid regions, respectively 
(Table A1). 

The resistance of ecosystems to drought changed nonmonotonically 
along the drought gradient (Fig. 4b). The mean resistance values were 
0.55, 0.48 and 0.54 in arid, semiarid and sub-humid regions, respec-
tively. There was no significant difference between arid and sub-humid 
regions (p=0.13), while the resistance in semiarid regions was signifi-
cantly lower among the three climate regions (p<0.001). The lowest 
resistance (Rs1) of the ecosystem to drought was concentrated on the 
Loess Plateau (Fig. A2). There was no high FDro (FDro1) in this region, 
while the FreDro-lai was the highest (FDro-lai4), indicating that such eco-
systems were sensitive to drought (Fig. A3). 

3.2. Resilience and resistance of different vegetation types 

The resilience of grassland was higher than that of forestland, while 
its resistance was lower than that of forestland (Fig. 5; Table A2). 
Grassland was more resilient than forestland in the dryland of China due 
to a higher curve area (Fig. 5a); furthermore, the resilience of grassland 
in arid, semi-arid, and sub-humid regions is higher than that of forests 
(Fig. A4). The resilience of grassland to drought was 22.73, and the 
resilience of forestland was 21.87, meaning that forestland needed a 
longer time to recover to the normal state than grassland if the same 
drought intensity occurred. For resistance to drought, the result was the 
opposite. Forestland with a mean resistance of 0.55 was significantly 
higher than grassland with a mean value of 0.5 (p<0.001) (Fig. 5b), 
indicating that forestland had a stronger ability to resist the negative 
impact caused by drought than grassland. 

3.3. Distribution of resilience at different levels of drought frequency and 
resistance 

Resilience positively responded to drought frequency and negatively 
responded to resistance (Fig. 6). The regions with higher drought fre-
quency tended to have higher resilience at both low and high resistance 
levels. For example, the resilience was 21.39 and 22.64 in F1 and F2 

Fig. A1. Resilience curve of different climatic regions based on recovery time 
and drought intensity. The recovery time began at the end of the drought. 

Fig. A2. Spatial distribution of ecosystem resistance to drought (a) and the distribution of different climate region. The area surrounded by the blue curve refers to 
the Loess Plateau, where the low resistance is concentrated. According to the quartile, we divided Rs into 4 intervals: Rs1, Rs2, Rs3 and Rs4. The greener color suggests 
larger resistance, and the redder color suggests lower resistance in a. 
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under R1 (Fig. 6a; Table A5); the resilience was 21.09 and 21.52 in F1 
and F2 under R2 (Fig. 6b; Table A5). The regions with higher resistance 
tended to have lower resilience at both low and high drought frequency 
levels. For example, the resilience was 21.39 and 21.09 in R1 and R2 
under F1 (Fig. 6c; Table A5); the resilience was 22.64 and 21.52 in R1 
and R2 under F2 (Fig. 6d; Table A5). 

4. Discussion 

4.1. Resilience indicators coupled with drought intensity and recovery 
time 

The current study on ecosystem resilience to drought mostly 

Fig. A3. Spatial distributions of drought frequency (a) and vegetation loss frequency (b) based on the SPEI. According to the quantile, drought frequency and 
vegetation loss frequency were divided into four intervals. FDro1, FDro2, FDro3 and FDro4, and FDro-lai1, FDro-lai2, FDro-lai3 and FDro-lai4. The greener color suggests lower 
drought frequency/vegetation loss, and the redder color suggests larger drought frequency/vegetation loss. 

Fig. A4. Resilience curve of forestland and grassland in different climate region. a, b and c represent arid, semiarid and sub-humid region.  
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statically quantifies the recovery time or the extent of ecosystem loss in 
drought (Huang and Xia, 2019; Li et al., 2018; Wu and Liang, 2020). For 
example, Wu and Liang (2020) defined resilience to drought as the rate 
of LAI recovery to pre-drought levels, and the results showed that 
evergreen broadleaf forestland had the greatest resilience. However, 
ecosystems dynamically respond to disturbance (Seidl et al., 2016), 
meaning that the recovery time and resilience of ecosystems under 
different drought intensities vary. Facing the requirement of building an 
innovative ecosystem resilience indicator for drought under changing 
drought intensities, we used the resilience curve to characterize the 
relationship between drought intensity and the corresponding recovery 
time by exponentially fitting the drought intensity and recovery time. 
Ecosystems with a greater resilience curve area in the same recovery 
time were considered to have a higher resilience of ecosystems 

Fig. A5. Resilience curve under different vegetation losses. LossA1, LossSA1 and LossSH1 represent vegetation loss below the median loss in arid, semiarid and sub- 
humid regions, respectively. LossA2, LossSA2 and LossSH2 represent the vegetation loss above the median loss in arid, semiarid and sub-humid region, respectively. 

Fig. A6. Proportion of climatic regions in different vegetation loss intervals. L1 
and L2 represent the vegetation loss below and above the median value in 
dryland ecosystems; A, SA and SH represent arid, semiarid and sub-humid re-
gions, respectively. 

Table A1 
Details of the resilience curve of different climate regions. The definite integral 
was calculated in the recovery time range from 1 T to 7 T. A, SA and SH represent 
arid, semiarid and sub-humid regions, respectively, and x and y represent re-
covery time and drought intensity.  

Variable a b c R^2 Adjust. 
R^2 

Integral 

A 0.1737 
±

2.5485 

-2.1982 
± 1.0933 

0.7283 
±

1.6619 

0.9570 0.9355 20.5136 

SA 0.7992 
±

1.7010 

-1.9833 
± 0.7796 

0.3151 
±

1.0810 

0.9653 0.9479 21.0511 

SH 0.0176 
±

2.6543 

-2.3969 
± 1.1326 

0.7667 
±

1.6038 

0.9618 0.9427 21.4742 

Equation y = a − b × ln(x + c)  

Table A2 
Significance test of drought intensity in different climatic regions.   

N Mean value Sig.(two-tailed test) 

A 27996 2.7 P<0.001 
SA 299581 2.84 
A 27996 2.7 P<0.001 
SH 141103 2.86 
SA 299581 2.84 P<0.001 
SH 141103 2.86  

Table A3 
Details of the resilience curve of grassland and forestland. The definite integral 
was calculated in the recovery time range from 1 T to 7 T.  

Variable a b c R^2 Adjust. 
R^2 

Integral 

Grassland -4.2804 
±

10.3932 

-4.3327 
±

3.7143 

2.6749 
±

4.9337 

0.9458 0.9187 22.7336 

Forestland -6.3163 
±

14.6855 

-4.9273 
±

4.9357 

3.7506 
±

6.9830 

0.9472 0.9207 21.8681 

Equation y = a − b × ln(x + c)  

Table A4 
Significance test of drought intensity in different vegetation types.   

N Mean value Sig.(two-tailed test) 

Grassland 196501 2.86 P<0.001 
Forestland 74172 2.74  
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recovering from drought (Fig. 3). 
At present, the understanding of drought recovery time is contro-

versial. Yu et al. (2017) noted that tropical and high-latitude regions had 
low recovery times, which was opposite to Schwalm et al. (2017), who 
thought that there was a long recovery time in these regions. This in-
verse conclusion was caused by different recovery level definition 
methods and drought identification (Liu et al., 2019). The resilience 
indicator in this study provided an alternative approach to determine 
recovery time. To be specific, we analysed the drought intensity and the 
corresponding recovery time of the studied ecosystem from 1982 to 
2016 pixel-by-pixel, and then established a robust relationship between 
drought intensity and recovery time. We used the resilience curve (fitted 
function) to characterize this relationship. For the studied ecosystem, 
the resilience curve (fitted function) guided us to estimate how long it 
may take for the studied ecosystem to recover after a certain drought 
intensity. For example, if a drought with an intensity of Dx occurred in 
ecosystem A, we could determine that the recovery time was txA in Fig. 3. 
The intensity and frequency of drought is gradually increasing and 
under global warming (Wang et al., 2021), which prolongs the recovery 
time and shortens the time interval left for ecosystem recovery (Galiano 
et al., 2011; Schwalm et al., 2017). Regions with long recovery times are 
more likely to suffer from an additional drought without recovering to 
its normal level and thus may experience vegetation death or transition 
to a new state (De Faria et al., 2020; Liu et al., 2019). 

4.2. Characteristics of the resilience and resistance of different climate 
regions and vegetation types 

4.2.1. Characteristics of the resilience and resistance of different climate 
regions 

Ecosystem resilience to drought increased from arid and semiarid to 

sub-humid regions (Fig. 4a). We noted that the difference in the defi-
nition of recovery time did not affect the resilience curve of different 
climate regions. All of them showed that there was the highest resilience 
in the sub-humid region and the lowest resilience in the arid region 
(Fig. A1). This conclusion was consistent with previous findings (Li 
et al., 2018; Wu and Liang, 2020; Zhang et al., 2021c), showing that 
drier regions had lower resilience to drought than wetter regions in 
drylands in China. This result indicated that ecosystems in arid regions 
required the longest recovery time among the three climatic regions if 
drought with the same intensity occurred. The shorter recovery time in 
wet regions than in dry regions may be due to the buffering of the 
negative effects of drought on ecosystems by high soil moisture (Meng 
et al., 2021; Sun et al., 2021). 

Our findings showed that the lowest resistance to drought occurred 
in the semiarid region (Figs. 4b and A2), and there was no significant 
difference between the resistance of the arid and sub-humid regions. The 
lowest resistance of the central and southern Loess Plateau mainly 
contributed the lowest resistance in the semiarid region (Fig. A2). We 
noticed that although the frequency of drought in the Loess Plateau is 
relatively low frequency of drought (FDro1, FDro2), the frequency of 
vegetation loss is high (FDro-lai4) (Fig. A3), indicating the vulnerability to 
drought (Liu et al., 2019). From a probabilistic perspective, approxi-
mately 95% of the Loess Plateau exhibited a greater probability of 
vegetation losses when suffering from water deficits (Fang et al., 2019). 
Monoculture artificial ecosystem and soil drying caused the vulnera-
bility of ecosystems in the Loess Plateau to drought (Jiao et al., 2012; 
Zhang et al., 2021a). The Loess Plateau is China’s main reforestation 
area (Feng et al., 2016; Yao et al., 2021a), and the typical characteristics 
of this artificial plantations were large planting density and a single tree 
species (Guo et al., 2005; Yu et al., 2013; Zhang et al., 2021a; Zhu et al., 
2019). Zhang et al. (2018) pointed that the current vegetation cover in 
many parts of the Loess Plateau (0.48 on average) exceeded the climate 
defined equilibrium vegetation cover (0.43 on average). This over-
planting was found to cause increase in evapotranspiration and soil 
desiccation (Feng et al., 2016; Jiao et al., 2012; Zhang et al., 2018). In a 
word, the artificial ecosystems with simple structure and low biodiver-
sity, accompanied with the unfavourable environment of soil drying can 
make the Loess Plateau (located in the semi-arid area) the lowest 
resistance to drought. We emphasized that it was necessary to pay more 
attention to the ecohydrological process in these regions due to frequent 
droughts. 

Resilience was generally thought to be inversely related to resis-
tance, as regions with low resilience tended to have high resistance to 
cope with external stress (Bee et al., 2007; Bennett et al., 2014; Liang 
et al., 2021; Stuart-Haëntjens et al., 2018), which was a pattern that was 
also present in our research. We found that regions with high resilience 
had low resistance in the drylands of China (Fig. 6c, d). However, in 
terms of different climate regions, this trade-off relationship does not 
exist. Semi-arid regions have the lowest resistance to drought, but do not 
have the greatest resilience (lower than that of sub-humid regions), 
indicating the fragility of the ecosystem to drought. 

4.2.2. Characteristics of the resilience and resistance of different vegetation 
types 

We found that forestland had lower resilience to drought than 
grassland (Fig. 5a), meaning that forestland required a longer recovery 
time when droughts with the same intensity occurred in forestland and 
grassland. This result was consistent with previous findings that grass 
ecosystems had high resilience, which was expressed by rapid recovery 
to cope with stress impacts (Stuart-Haëntjens et al., 2018; Titlyanova, 
2009; Zhang et al., 2021c). This resilience difference between forestland 
and grassland could be attributed to the ecosystem properties. Grassland 
vegetation species are generally annual and biennial herbaceous plants 
that are capable of rapid re-establishment, reproduction, and growth 
(Hoover et al., 2014). However, the vegetation in forestland is mainly 
perennial woody plants, and its growth and reproduction are slower 

Table A5 
Details of the resilience curve of different drought frequencies and resistances. 
The definite integral was calculated in the recovery time range from 1 T to 7 T. 
R1F1, R1F2, R2F1 and R2F2 represent below the median resistance and drought 
frequency, below the median resistance and above the median drought fre-
quency, above the median resistance and below the median drought frequency 
and above the median resistance and drought frequency, respectively.  

Variable a b c R^2 Adjust. 
R^2 

Integral 

R1F1 -0.4537 
± 2.9346 

-2.6014 
± 1.2129 

1.015 ±
1.7379 

0.9672 0.9508 21.3928 

R1F2 -0.8338 
±3.9626 

-2.9577 
± 1.6268 

1.0711 
±

2.0908 

0.9562 0.9342 22.6424 

R2F1 -1.1794 
± 6.8677 

-2.8789 
± 2.7188 

1.4057 
±

3.9960 

0.8968 0.8452 21.0883 

R2F2 -0.1774 
± 6.0000 

-2.5138 
± 2.5700 

0.8128 
±

3.5400 

0.8458 0.7686 21.5168 

Equation y = a − b × ln(x + c)  

Table A6 
Significance test of drought intensity in different interval of resistance and 
drought frequency.   

N Mean value Sig.(two-tailed test) 

R1F1 135338 2.88 P<0.001 
R1F2 95679 2.97 
R2F1 84890 2.69 P<0.001 
R2F2 88702 2.75 
R1F1 135338 2.88 P<0.001 
R2F1 84890 2.69 
R1F2 95679 2.97 P<0.001 
R2F2 88702 2.75  
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than those of grass (Stuart-Haëntjens et al., 2018; Wu et al., 2014; Zhang 
et al., 2021b). Consequently, grassland could recover to its normal state 
in a shorter time than forestland, manifesting higher resilience. 

Ecosystem resistance to drought represents the ability of ecosystems 
to maintain an unchanged state under droughts (Isbell et al., 2015). In 
this study, we defined resistance as the ratio of the frequency of no 
vegetation loss during drought to drought frequencies. We found that 
there was higher resistance to drought in forestland than in grassland 
(Fig. 5b), which was consistent with the finding that forestland had the 
strongest resistance, followed by cropland and grassland (Xu et al., 
2018). The difference in the resistance of forestland and grassland may 
be explained through the following aspects. First, there was a difference 
in soil water utilization between forestland and grassland during 
drought. Soil moisture plays a critical role in alleviating drought during 
periods of low or no rainfall (Song et al., 2019; Taylor et al., 2013), and 
forests consume soil water at depths of 0-1000 cm in semi-arid regions 
(Huang et al., 2021), which is obviously deeper than grasslands 
(Jobbágy and Jackson, 2004). During drought, forestland can alleviate 
drought by using deeper soil water, which manifests as greater drought 
resistance than that of grassland. Second, forest ecosystems were more 
productive than grasslands. Ecosystems with greater productivity could 
have a higher capacity for water and carbon, which are critical to 
resisting drought (Xu et al., 2018). 

4.3. Ecosystem memory contributed to higher ecosystem resilience 

We found that ecosystems tended to have higher resilience at higher 
drought frequencies (Fig. 6a, b), which was consistent with previous 
findings. Cole et al. (2014) proposed that a high recovery rate occurred 
under an increasing frequency of disturbance events. We thought that 
this could be explained by drought memory. Drought memory is the 
information and material left by frequent droughts in the ecosystem, and 
it is key for the response of ecosystems to drought. This ecological 
memory of ecosystems to past climate events shapes the resilience to 
disturbance (Johnstone et al., 2016). Jacques et al. (2021) reviewed the 
major findings of studies on the response of plants to a variety of drought 
events and demonstrated the memory of plants to drought stress. Spe-
cifically, plants can remember stressful events and adjust their behav-
iour in response to subsequent stress (Bruce et al., 2007). Matesanz and 
Valladares (2014) also presented the same point that the adaptations of 
ecosystems to long-term climate helped populations cope with envi-
ronmental stress. Faced with high drought frequency, ecosystems are 
trained to have a higher drought memory, contributing to having higher 
resilience to deal with the negative effects of drought. Many studies have 
mentioned the contribution of memory to resilience. Canarini et al. 
(2021) showed that periodic drought could form ecological memory in 
soil, which may enhance the resilience of ecosystems against future 
droughts. Compared with plants that never encountered stress, plants 
responded faster to subsequent stress due to ecosystem memory (Jac-
ques et al., 2021). 

The resilience of the ecosystem to drought still showed a similar 
pattern in the case of different vegetation losses. Ecosystems experi-
encing higher loss tended to have higher resilience in this research 
(Fig. A5). We noted that the proportions of arid, semiarid and sub-humid 
regions in low vegetation loss interval (L1) were 6.99%, 51.57%, 
41.45%, respectively. The proportions of arid, semiarid and sub-humid 
regions in high vegetation loss interval (L2) were 3.24%, 67.62%, and 
29.14%, respectively (Fig. A6). If considering the impact of the differ-
ences in resilience in different climatic regions (the resilience of sub- 
humid areas was higher than that of semiarid areas), there should be a 
higher resilience in L1, but the result was the opposite. This result further 
confirmed that ecosystems deal with more frequent or severe negative 
effects of drought by improving resilience. 

5. Conclusion 

In this study, we defined a resilience indicator that coupled drought 
information (drought intensity) and vegetation information (recovery 
time). This indicator dynamically depicts the resilience of ecosystems 
under various drought intensities and can be used to not only compare 
the resilience differences in various ecosystems but also assess the re-
covery time when ecosystems experience droughts. Based on this resil-
ience indicator, we found that the resilience of ecosystems to drought 
increased from arid to semiarid to sub-humid regions; and grasslands 
had higher resilience and lower resistance than forests. The trade-off 
between resilience and resistance existed in drylands in China. How-
ever, the semiarid region had the lowest resistance without the highest 
resilience, showing fragility to drought. Our quantitative resilience 
approach provided methodological guidance for understanding the 
response of ecosystems to drought, which is a useful tool for maintaining 
or improving ecosystem resilience to cope with future drought risks. 

There are two perspectives in our resilience evaluation. First, limited 
by the statistical obstacle that there were no sufficient sample sizes when 
considering long recovery time, we did not fit the resilience curves for 
which the recovery time exceeded 7 T. It will be more critical to explore 
ecosystem resilience in longer drought recovery times. Second, in the 
case of recoverability, the recovery time increased as the intensity of the 
disturbance (drought in this study) increased. There may be situations 
where drought intensity exceeds a certain threshold and cannot recover. 
Therefore, identifying the upper limit of drought at which ecosystems 
are no longer drought-resilient is critical in future work. 
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