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Due to climate change, the frequencies of extreme meteorological events have increased around the world over
the last few decades, which would significantly affect the growth of vegetation, especially in humid regions.
However, few previous studies have investigated the effects of compound extreme meteorological events on the
growth of vegetation, such as compound drought and heat events (CDHEs). In this research, we assessed the
individual and interactive impacts of drought and heat events on the growth of vegetation using geographic
detectors in the Poyang Lake Basin (PYLB), which is located in a typical humid zone in the middle and lower
reaches of the Yangtze River (MLYR) of China. We found that the effect of heat events on the growth of vege-
tation was greater than that of drought events in this region. Among the various vegetation types, shrubland (SL)
and cultivated vegetation (CV) were most significantly affected by drought and heat events, respectively, and
broadleaf forest (BLF) was more tolerant of drought (heat) events than other vegetation. Drought events had
significantly negative effects on the growth of vegetation, and needle-leaf (NLF) and BLF exhibited a two-month
lagged response. The impact of CDHE on the growth of vegetation was remarkably stronger than that of a single
event, and the interaction type was bi-factor enhanced or nonlinear enhanced. Our findings highlight the need to

consider CDHEs when assessing the response of vegetation to climate extremes under global warming.

1. Introduction

The hydrological cycle is intensifying as the climate warms, thereby
leading to more frequent extreme climate events (Fischer et al., 2021;
Nangombe et al., 2018). Extreme weather events are forecast to grow
more frequent and more spatially widespread in the future (Diffenbaugh
et al., 2015; Skinner et al., 2018). Vegetation is a sensitive indicator of
climate change and it may be severely threatened. Meanwhile, vegeta-
tion is a vital dynamic part of the terrestrial and atmospheric systems,
and it may affect the underlying surface conditions, water vapor cycle,
and carbon cycle (Christopher et al., 2018; Sungmin et al., 2022). The
growth of vegetation is influenced and constrained by climatic condi-
tions, and a suitable combination of water and heat is important for its
growth (Nemani et al., 2003). The vegetation is abundant and varied in
the humid zones, and this area has a high incidence of droughts, heat
waves, and other events (Ning et al., 2022; Wu and Jiang, 2022; Chen
et al.,, 2021; Liu et al., 2022a). For example, the middle and lower
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reaches of the Yangtze River (MLYR) experienced an unprecedented
drought and heat event during the summer and fall in 2022. These
events can affect various vegetation growth processes, including
photosynthesis, breathing action, and carbon utilization, thereby result
in leaf senescence and mortality (Reichstein et al., 2013; Teskey et al.,
2015; Berdugo et al., 2020). Therefore, it is important to investigate the
effects of extreme meteorological events on vegetation in humid areas.

Precipitation and temperature are the key climatic factors that affect
the growth of vegetation, and climate anomalies (or drought and heat)
are mostly represented using indices of drought (e.g., standardized
precipitation index (SPI)) and heat (standardized temperature index
(STI)) (McKee et al., 1993; Vicente-Serrano et al., 2010; Zscheischler
et al., 2017a). These indices have been applied widely to assess drought
or heat events at global or regional scales. Over recent decades, many
studies have been conducted to improve our understanding of the im-
pacts of drought or heat on vegetation (Miller et al., 2022; Li et al., 2021;
Baumbach et al., 2017; Gampe et al., 2021; Zhang et al., 2022). For
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example, Wang et al. (2022) investigated the effects of drought events
on the normalized difference vegetation index (NDVI) for vegetation in
Inner Mongolia and found that the probability of NDVI degradation
increased with the degree of drought. Xu et al. (2019) showed that the
impacts of extreme droughts on vegetation productivity will increase
further under climate change. Rita et al. (2020) investigated the impacts
of the European summer drought in 2017 on the vegetation NDVI and
found marked differences in the responses of different types of vegeta-
tion to drought, where these differences were closely linked to elevation.
Dong et al. (2022) found that heat events slowed the growth in the
vegetation NDVI on the Tibetan Plateau, and the growth of vegetation
was more sensitive to heat events in June than July and August. Zhang
et al. (2015) indicated that different types of vegetation vary in terms of
their sensitivity to extreme heat. Drought and heat events may occur
simultaneously and the two may interact, but previous studies mainly
assessed the separate effects of drought or heat events on vegetation.
Droughts and heat rarely occur separately, and thus, they should be
regarded as compound extreme events (Zscheischler et al., 2017b) that
may have greater impacts than individual extreme events (Wu et al.,
2021). Therefore, some studies have investigated the impacts of CDHEs.
Kang et al. (2022) found that the desert steppe region was most affected
by CDHE:s in Inner Mongolia. Li et al. (2021) showed that the impact of
CDHEs on vegetation loss increased as the air temperature increased
from June to August in Xinjiang. However, CDHEs are becoming more
frequent and severe, and their effects on vegetation growth require
further investigation.

Most previous studies that examined the effects of droughts (heats)
on the vegetation NDVI employed correlation analysis, regression
analysis methods, and trend analysis (Ge et al., 2021; Xiong et al., 2021;
Zhang et al., 2016; Zhang et al., 2017; Zhan et al., 2022; Rousta et al.,
2020). However, these studies assumed significant linear relationships
between certain factors and vegetation over a time series, but the
response of growth by terrestrial vegetation to various factors can be
complex and linear statistical methods may not accurately describe the
relationships between vegetation and certain variables (Peng et al.,
2019; Zhou et al., 2022; Zhao et al., 2019). Copula-based models have
recently been applied to investigate the interactive effects of droughts
and heats on vegetation (Li et al., 2021), but this approach is unable to
discern how drought and heat events interact, or explain the spatial
heterogeneity of plant responses to extreme events. The geographic
detector pattern is considered a potential approach for researching the
spatial heterogeneity of growth by vegetation and related factors, where
it can identify the significance and extent of various types of drivers
(meteorology, geography, human activities, etc.) and explain their
interactive effect on vegetation. However, this model has not been
widely tested for analyzing the effects of droughts and heats on the ca-
pacity for growth by vegetation.

The Poyang Lake Basin (PYLB) is located in the MLYR in southern
China, and this area has high vegetation cover due to the implementa-
tion of forest restoration and ecological restoration projects. The types of
vegetation in the PYLB are diverse, but broadleaf forest (BLF), needle-
leaf forest (NLF), and scrubland (SL) predominate. Numerous national
nature reserves are present in the PYLB, including Wuyi Mountain,
Jiuling Mountain, and Luoxiao Mountain. Ecological resources are
abundant and the terrestrial vegetation ecosystem is an important green
ecological barrier in the MLYR. The region is in a humid subtropical
zone with abundant but highly uneven seasonal precipitation, and thus
drought and heat events are frequent and they can have severe impacts
on the growth of vegetation.

Therefore, we studied the impacts of droughts and heats on the
growth of vegetation in the PYLB, as a typical humid region in southern
China, to improve our understanding of the potential reactions of
vegetation to climate change. The main aims of our research were: (1) to
determine the relative effects of drought events and heat events on
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growth by different types of vegetation; and (2) to quantitatively esti-
mate the interactive effects of drought and heat events on the growth of
different vegetation types.

2. Datasets and methods
2.1. Study area

The PYLB is on the south side of MLYR between 113°42'-118°30'E
and 24°29'-30°05'N (Fig. 1). This area has a subtropical humid climate,
which is influenced by the East Asian monsoon and South Asian
monsoon. The PYLB is one of the eight major subsections of the Yangtze
River Basin, with a basin area of 162,225 km? and it accounts for 9 % of
the total basin. The PYLB comprises Poyang Lake, the largest fresh lake
in China, and five rives system flood into the lake. The terrain is low in
the middle but high in the surrounding area, thereby forming a rela-
tively complete large watershed ecosystem.

2.2. Datasets

In this study, NDVI data and vegetation type data for the PYLB were
obtained from the Resource and Environmental Sciences and Data
Center, Chinese Academy of Sciences (http://www.resdc.cn). The PYLB
has suffered more severe drought and heat events over the last two
decades than previously, so we focused on CDHEs that occurred in this
region over the last two decades (Gampe et al., 2021; Liu et al., 2022a).
NDVI was used to characterize the vegetation growth state. Based on
SPOT/VEGETATION NDVI satellite remote sensing data from 1998 to
2019, the maximum combination approach was commonly used to
reduce the effects of cloud cover and other interfering factors, and the
NDVI was converted into monthly data with a resolution of 1 km. These
data effectively reflect the changes in vegetation cover and growth, and
they have been widely employed for vegetation monitoring, forestry
utilization, and other purposes (Chen et al., 2022). In addition, we used
the 1:1,000,000 Vegetation Atlas of China. We focused on the five most
common planting cover types in PYLB comprising cultivated vegetation
(CV), NLF, grassland (GL), BLF, and SL (Fig. 2). We used monthly
meteorological data, including precipitation and temperature, from 34
national basic meteorological stations in the PYLB from 1998 to 2019.
These data were obtained from Jiangxi Meteorological Information
Center.

2.3. Methods

2.3.1. Identification of extreme climatic events

One-month time scale SPI and STI data were used to characterize
drought and heat events during 1998-2019, where they captured the
short-term responses of relevant vegetation to surface fluxes
(Zscheischler et al., 2017a). SPI and STI were calculated following the
same procedure. They were computed by fitting the marginal distribu-
tion of monthly cumulative rainfall (temperature) to get the probability,
p, which was then converted to a standard variable according to a
standardized normal distribution, @ (i.e.,STI = @~ !(p)). The marginal
probability, p, of SPI (STI) was evaluated using the empirical Weibull
plotting position (Feng et al., 2021). To determine whether a basin-wide
drought (heat) event occurred based on the average SPI (STI) for all
stations in the PYLB. SPI < —0.5 indicated a drought event and STI > 0.5
indicated a heat event (Hao et al., 2020; Han et al., 2018). All drought
and heat events during the study period could be identified using SPI
and STI, but some of these drought and heat events were not temporally
synchronized. We screened out drought and heat events that were
temporally coherent (SPI < —0.5 and STI > 0.5) and defined their
combination as CDHE.


http://www.resdc.cn/
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Fig. 1. Distribution of meteorological stations and geographical location of PYLB.

2.3.2. Identification of vegetation growth

We calculated the variation in NDVI (Vypyy) under the condition of
CDHEs on a monthly scale to represent the growth or decline of vege-
tation, as follows:

VNDVIQ = NDVI, - NDVI,‘,] (l)

where Vypyr, denotes the change in NDVI when vegetation did not
exhibit a lagged response to drought (heat) event and i is the time
(month) comprising the month when the CDHE occurred.

The change in the vegetation in the PYLB is considered to exhibit a
lag time of 1-2 months in response to precipitation and temperature
(Tan et al., 2015; Jiang et al., 2022). Thus, we calculated the response of
the Vypyy for vegetation with lags of one and two months under drought
and heat conditions by using the following formulae:

Vipvi, = NDVIiyy — NDVI; )
Vpvi, = NDVI;,, — NDVI; 3)

where Vypyr, and Vipyr, are the changes in vegetation growth with lags
of one month and two months under drought and heat conditions,
respectively, and i is the time (month) comprising the month when the
CDHE occurred.

In addition, we calculated the spatial correlation between each
drought (heat) event and vegetation Vypyy to reflect the direction of the
effect of a drought (heat) event on the growth of vegetation. Spearman
correlation and 95 % significance tests were used for further analyses. A
positive spatial correlation between SPI and Vypyy, i.e., Vypyy decreased
with the intensity of drought events, indicated that a drought event had
an inhibitory effect on the growth of vegetation. A positive spatial cor-
relation between STI and Vpyy, i.e., Vpyrincreased with the intensity of

the heat event, indicated that a heat event promoted the growth of
vegetation, and vice versa.

2.3.3. Quantifying single and interactive effects of extreme climate events
on vegetation

Both drought and heat affect the growth of vegetation, and they may
also interact to affect vegetation. Therefore, the factor detector and
interaction factor blocks in the geographic detector were used to analyze
the single and interactive effects of drought and heat events on the
growth of vegetation, respectively. The geographic detector requires
discretization of the input, so it was necessary to discretize the drought
(heat) events. Based on the ArcGIS platform, SPI and STI were divided
into nine categories by using the natural break point method, and
12,344 effective sampling points were generated in the study area. The
spatial correlation data for 12,344 sampling points were obtained by
overlaying Vnpyy, SPI, STI, and vegetation type data during the CDHE
periods in the study area.

The geographic detector is a spatial statistical model that can effec-
tively detect spatial heterogeneity and its related pattern (Wang et al.,
2017). This model involves overlaying the geographical distribution of
variables x (SPI and STI) and y (Vnpyp) in space to account for the
geographical heterogeneity of Vypys caused by SPI and STI (Fig. 3). The
explanatory power is calculated as follows:

J 2
i:lNiO-i

No? 4

g=1-
where j is the classification of SPI and STI, N; and rriz express the cell
counts and the variance of Vypys at i-layer respectively, N and 62 express
the cell counts and the variance of Vypy; in the whole PYLB, and q ex-
press the affected degree of drought and heat events for changes in
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Fig. 2. Vegetation type distribution map. Note: CV, NLF, GL, BLF, and SL
represent cultivated vegetation, needle-leaf forest, grassland, broadleaf forest,
and shrubland respectively.

NDVI, g € [0, 1], where a larger value of g denotes stronger explanatory
power, and vice versa.

Interaction detection is used to identify the interactions between
factors, i.e., to identify whether the effects of drought events and heat
events together (CDHESs) on vegetation will be stronger or weaker than
that of separate drought events (heat events), or whether the effects of
drought events and heat events on vegetation are independent of each
other. The evaluation method involves comparing the single factor’s q
value (q(drought), g(heat)) and the combined effect (q(drought N heat)).
When g(drought N heat) > g(drought) + g(heat), the interaction mode is
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enhanced in a nonlinear manner. When g(drought N heat) = q(drought)
+ g(heat), the mode is independent. When g(drought N heat) > Max(q
(drought), gq(heat)), the mode is bi-factor enhanced. When Min(q
(drought), g(heat)) < g(drought N heat) < Max(q(drought), q(heat)), the
mode is single factor weakened. When g(drought N heat) < Min(q
(drought), g(heat)), the mode is weakened in a nonlinear manner.

3. Results
3.1. Spatial distribution of drought and heat events

First, we identified watershed-based drought and heat events during
the vegetation growing season in 1998-2019, which occurred over 31
and 110 months, respectively, based on the one-month SPI and STI
indices. In total, 15 CDHEs were identified based on the temporal con-
sistency of the drought and heat events (Figs. 4 and 5). These CDHEs
generally occurred between July and September, with an average
occurrence frequency of about one and a half years. Heat events
occurred frequently in the summer and autumn every year, and the
precipitation had obvious seasonal characteristics. Drought events ten-
ded to occur frequently after the end of the rainy season in July, which
was also the period when CDHEs often occurred. Among these CDHEs,
the difference in the spatial distribution of drought events was more
obvious than that of heat events. In addition, there were large differ-
ences in the intensity of droughts among different regions of the basin,
whereas the differences were small for heat events. Severe drought
events occurred in September 2001, July 2003, and September 2019,
and severe heat events occurred mainly in July 2003, July 2007, and
August 2019.

3.2. Effects of drought and heat events on vegetation

Differences in the physical structure of different vegetation types
determine their susceptibility and tolerance to different drought heat
events. Thus, we used factor detector analysis with geographic detectors
to investigate the impacts of drought and heat events on the growth of
the main types of vegetation (CV, NLF, GL, BLF, and SL) in the PYLB. To
illustrate the effects of different drought and heat events on the growth
of vegetation, Fig. 6 shows a bar chart depicting the effects of different
drought and heat events on the five main types of vegetation individu-
ally during the growing season. The single factor explanatory power (q)
of the effect of heat events on vegetation was 0.170, which was greater
than that for the effect of drought events on vegetation (0.160), thereby
indicating that the effect of heat events on the growth of vegetation was
stronger than that of drought events in this region. For different types of
vegetation, the single factor explanatory power (q) of the effect of
drought events on SL was largest at 0.191. The mean value of the
explanatory power (q) of the effect on BLF was 0.140. The mean
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Fig. 3. Schematic illustration of the geographic detector.
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Fig. 5. Spatial patterns of heat events.

explanatory power (q) of the effect of heat events on CV was largest at
0.191 and the lowest was 0.153 for BLF.

The spatial correlations between drought (heat) events and Vnpyr
showed that most drought events were positively correlated with Vypy;
for different vegetation types. Thus, Vypy; was smaller when the drought
event was stronger, thereby indicating that drought events mainly
inhibited the growth of vegetation. In addition, we found that some
drought events were negatively correlated with Vypy;, which contrib-
uted to vegetation growth, but the g values for the influence of these
drought events on Vypy; were generally small. For example, the g values
were all small for the effects of the first, 13th, and 14th drought events
on CV, and similar results were also found for other types of vegetation.
The consistency of the direction of the effect of heat events on changes in
the growth of vegetation was significantly worse than that for drought
events, and vegetation exhibited more irregular responses (positive and
negative effects were chaotic). In general, Vypy; was negatively corre-
lated with more heat events, thereby indicating that heat events mainly
inhibited the growth of vegetation.

3.3. Delayed impacts of drought and heat events on vegetation growth

The delayed responses of five major vegetation types in PYLB to
drought and heat events were also investigated. We calculated the
average value of the explanatory power (q) for the effects of 15 drought
and heat events on different types of vegetation in the current month, as
well as with one month lag and two months lag. The lag period corre-
sponding to the maximum value of the average explanatory power is the

optimal response time of vegetation to drought (heat) events, and it
indicates the lagged impact of extreme events, which reflects the
sensitivity of vegetation to different types of drought (heat) stress (Shi
et al., 2022).

We found that the lagged effects of drought and heat events on
vegetation varied among the vegetation types. As shown in Table 1, the
maximum mean explanatory power for the effects of drought events on
GL and SL were 0.116 and 0.159, respectively, thereby indicating no
significant lagged effect of drought events. By contrast, the responses of
CV, NLF, and BLF to drought events had lag times of 1-month,
2-months, and 2-months, respectively. SL exhibited no significant lag-
ged response to heat events, and the other four types of vegetation had
lagged response times of 2 months to heat events. NLF, BLF, and SL had
the same lag times in response to the effects of drought and heat events,
but CV and GL responded faster to drought events than heat events, and
GL responded significantly more rapidly.

3.4. The effect of compound drought and heat events on vegetation growth

Fig. 7 shows the single factor explanatory power and interactions for
the effects of 15 drought and heat events on vegetation during
1998-2019. As shown in (Fig. 7), the average interaction effect of
drought and heat events on vegetation was 0.35, which was obviously
greater than those for the individual extreme events (0.170 and 0.160,
respectively), thereby indicating an obvious interaction between
drought and heat events. The interactions clearly amplified the
damaging effects of compound events compared with individual
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respectively.

extreme climate events. In particular, CDHEs had the strongest influence
on SL, where the mean g(drought N heat) was 0.396, and the least in-
fluence on NLF with a mean g(drought N heat) of 0.323. Table 2 shows
the modes of interactions between the different drought and hot events.
According to the results obtained by the interaction detector, the
interaction mode for the effects of drought and heat events on NDVI was
bi-factor enhanced or nonlinear enhanced, which suggests that the

interaction between drought and heat events had a greater impact on the
growth of vegetation than the single or combined effects of the single
factors. For example, in 2001, the influence of compound drought and
heat events on CV (q(drought N heat) = 0.504) was larger than the
separate effects of drought events (q(drought) = 0.278) and heat events
(g(heat) = 0.294), and the interaction was bi-factor enhanced. In addi-
tion, the influence of CDHE on SL in 2006 (g(drought N heat) = 0.480)
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Table 1
Lagged effects of drought and heat events on different types of vegetation.
Vegetation Types (drought / heat) No lag 1-month lag 2-month lag
cv drought 0.108 0.122 0.111
heat 0.114 0.123 0.128
NLF drought 0.105 0.081 0.122
heat 0.099 0.095 0.129
GL drought 0.116 0.087 0.104
heat 0.107 0.102 0.116
BLF drought 0.095 0.074 0.116
heat 0.099 0.098 0.120
SL drought 0.159 0.093 0.122
heat 0.143 0.125 0.129

Note: Shading shows the lag time corresponding to the maximum average
explanatory power under drought and heat events. CV, NLF, GL, BLF, and SL
represent cultivated vegetation, needle-leaf forest, grassland, broadleaf forest,
and shrubland respectively.

was larger than the separate effects of drought events (g(drought) =
0.101) or hot events (q(heat) = 0.348), and the interaction was
nonlinear enhanced.
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4. Discussion

In this study, SPI and STI indexes were used to identify CDHEs in the
PYLB, and geographic detectors were used to quantitatively analyze
their relative effects and interactive effects on vegetation growth, which
have rarely been reported in previous studies. In general, our results
showed that heat events had a greater power for explaining the changes
in vegetation than drought events, thereby suggesting that the relative
effect of heat events on vegetation was greater than that of drought
events. Previous studies obtained similar conclusions where they sug-
gested that the effect of the air temperature on vegetation was greater
than that of precipitation in the PYLB (Jiang et al., 2022; Wang et al.,
2015b), possibly due to the abundant precipitation in humid areas,
where rainfall is not the key factor that promotes or limits the growth of
vegetation (Zhang and Zhang, 2019). Different types of vegetation
respond differently to drought and heat events. We found that drought
events and heat events had small impacts on the forest vegetation types
(NLF and BLF) with a lag effect of two months, which indicates that
forests are more tolerant of extreme weather conditions than other types
of vegetation, as also suggested by Huang and Xia (2019), Zhang et al.
(2016), and Baumbach et al. (2017). Huang and Xia (2019) found that

CV NLF GL BLF SL

0.8 1
0.6 1
0.4
q

0.2 +
0.0

_D H DH D H DNH D H DhH D H DNH D H DNH

Fig. 7. Box plots showing the single and interactive effects of drought and heat events on vegetation. D represents a drought event, H represents a heat event, and D
N H represents a compound drought and heat event. CV, NLF, GL, BLF, and SL represent cultivated vegetation, needle-leaf forest, grassland, broadleaf forest, and

shrubland respectively.

Table 2

Interaction modes of effects of different drought events and heat events on vegetation.
Year/month Interaction modes Ccv NLF GL BLF SL
2000/07 DNH 0.347/\ 0.375A 0.351A 0.380J 0.471J
2001/09 DNH 0.504] 0.482/\ 0.434/\ 0.464/\ 0.470A\
2003/07 DNH 0.444/\ 0.248/\ 0.374/\ 0.363A\ 0.408/\
2003.09 DNH 0.37200 0.348[] 0.4020] 0.284] 0.386[]
2006/09 DNH 0.551] 0.384[] 0.372J 0.351A 0.480/\
2006/10 DNH 0.333A 0.276/\ 0.248/\ 0.293A 0.618[]
2007/07 DNH 0.305] 0.243/\ 0.213A 0.242/\ 0.428/\
2008/09 DNH 0.344/\ 0.281 A 0.417/\ 0.303A 0.3570J
2009/09 DNH 0.4790 0.423/\ 0.383A 0.444/\ 0.383A
2011/09 DNH 0.293A 0.342/\ 0.453/A\ 0.419A 0.389A
2013/09 DNH 0.300A\ 0.297 A\ 0.255/\ 0.444/\ 0.381A
2014/09 DNH 0.243 0.266[] 0.350] 0.263] 0.380J
2017/09 DNH 0.425/\ 0.383A 0.284/\ 0.365/\ 0.257/\
2019/08 DNH 0.174/\ 0.261] 0.183 0.236] 0.296[]
2019/09 DNH 0.209/\ 0.2431 0.216/\ 0.329 0.243A

Note: A\ represents nonlinear enhanced (q(drought N heat) > g(drought) + g(heat)) and [] represents bi-factor enhanced (g(drought N heat) > Max(q(drought), q
(heat)). CV, NLF, GL, BLF, and SL represent cultivated vegetation, needle-leaf forest, grassland, broadleaf forest, and shrubland respectively.
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even under severe drought conditions, BLF was more stable than other
types of vegetation (GL and SL). Baumbach et al. (2017) also showed
that forests exhibited almost no significant correlations between
extreme heat and very low NDVI events, which suggests that they were
better able to withstand extreme heat than other types of vegetation. We
also found that GL and SL responded more quickly to drought events,
probably because they tend to absorb moisture from the topsoil and
react rapidly to rainfall changes (Jiang et al., 2022). Similar results were
obtained by Zhang et al. (2017) and Shi et al. (2022). Zhang et al. (2017)
and Shi et al. (2022) showed that the lag time was shorter in response to
drought for GL and SL than woodland. CV comprises shallow-rooted
species but the time lag in response to drought was longer compared
with GL, probably because irrigation attenuated the sensitivity to
drought (Zhan et al., 2022). In particular, we found that most of the
drought events had consistent inhibitory effects on the growth of
vegetation, and the few drought events that promoted the growth of
vegetation usually had smaller values for the explanatory power q. Heat
events had highly irregular inhibitory or promoting effects on the
growth of vegetation, which may have been related to the different heat
preferences of certain vegetation types. Different types of vegetation
vary in terms of their water and heat use strategies, rooting habits,
xylem structure, and stomatal regulation strategies, which can all affect
their tolerance of extreme weather conditions (Xu et al., 2018; Wu et al.,
2015). In addition, increases in temperature can affect the growth of
vegetation in two ways, where an appropriate amount of warming can
boost vegetation growth by increasing the efficiency of photosynthesis
(Wang et al., 2015a; Papagiannopoulou et al., 2017), but when the
temperature exceeds that tolerated by vegetation the denaturation of
enzymes may be accelerated to inhibit growth (Wang and Alimo-
hammadi, 2012; Zhang et al., 2015a; Wang et al., 2021a). Thus, in future
studies, additional sample sequences and particular plant species will
need to be assessed to further quantify the effects of drought or heat
events.

Fig. 7 shows that there was a clear interaction between drought
events and heat events, and the impact of CDHEs on vegetation was
stronger than that of the individual extreme events. In addition, the
characteristic spatial distributions of growing vegetation are generally
influenced by the combined effect of drought and heat events. When
drought is accompanied by heat, low moisture conditions are generated
to exacerbate the negative effects of heat stress, thereby drastically
reducing the growth of vegetation (Li et al., 2020; Teskey et al., 2015;
Roy et al., 2022). We employed different methods in this study but our
findings are consistent with those obtained previously. Compound
drought and heat events will have more severe impacts on ecosystems
(Zscheischler et al., 2018; Gazol and Camarero, 2022). For example,
Feng et al. (2019) showed that when extreme drought (heat) events
became CDHEs, the risk of vegetation loss will be increased. Zhu et al.
(2021) explored the impacts of high temperature and drought on
vegetation growth in China, and showed that the combined impact of
high temperature and drought on vegetation productivity was greater
than that of drought or high temperature alone. In addition, there are
obvious differences between the study areas, which may lead to different
conclusions. For example, in arid regions, Kang et al. (2022) studied the
influence of CDHEs on the NDVI in Inner Mongolia and found that
temperature had the greatest effect on vegetation, followed by CDHEs,
and drought had the least significant effect. It is possible that the
vegetation has adapted to a prolonged period of low precipitation and is
more resistant to drought. In this study, we explored the interaction
between drought and heat events, which interacted in a bi-factor
enhanced or nonlinear enhanced mode. Interaction patterns are influ-
enced by factors such as drought and heat conditions and vegetation
types, so it is necessary to consider different drought and heat conditions
and refine the vegetation types in further studies to examine the effects
of drought and heat events on vegetation.
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We analyzed the PYLB as a typical humid zone to obtain important
insights into the response of vegetation to CDHEs in this climatic region.
Climate change has increased the probability and extent of drought and
heat events, and drought events are often accompanied by heat, and thus
the interaction between them amplifies their ecological impacts (Ridder
et al., 2022; Wang et al., 2021b). Therefore, it is crucial to consider
interactions (compound events) when analyzing the impacts of extreme
events. A unique advantage of our method is that the interactions be-
tween extreme climate events can be quantified using the geographic
detector model, which is not based on linear assumptions and it yields
more reliable interaction results than classical regression analysis (Wang
and Xu, 2017). Our findings provide new insights into the use of the
geographic detector model to explore the effects of compound weather
extremes on vegetation and this method can be easily extended to other
climatic regions. At present, there are NDVI data sets with longer time
series, such as the GIMMS NDVI3g versionl dataset (1982-2015).
However, with the increasing degree of climate change, the probability
of the appearance of CDHEs increased significantly in the Middle and
lower reaches of the Yangtze River of China after 2000 (Gampe et al.,
2021; Liu et al., 2022a), and thus the NDVI data set from 1998 to 2019
was collected. It should note that extreme weather events are still
frequent after 2019 (Liu et al., 2022b), however, the corresponding
meteorological data are inaccessible. Therefore, it is quite necessary to
consider recent datasets in future studies to enhance the conclusions. In
addition, our study was conducted based on a monthly time scale, where
we focused on the short-term effects of CDHEs on vegetation, as well as
considering the simultaneous and lagged relationships between drought
(heat) events and vegetation, and thus we may have overlooked the
cumulative effects of drought and heat events on vegetation. Therefore,
the cumulative impacts of extreme climate events need to be investi-
gated in future studies.

5. Conclusions

In this research, we used the geographic detector pattern to quanti-
tatively assess the individual and interactive effects of drought and heat
events on vegetation in the PYLB, which is located in a typical humid
zone in southern China. The impact of heat events on vegetation was
generally stronger than that of drought events in the study area. The
responses of different vegetation types to drought (heat) events varied,
whereas BLF was more tolerant of drought (heat) events than other
vegetation types. Drought events mainly inhibited the growth of vege-
tation, whereas heat events had mixed effects on inhibiting or promoting
the growth of vegetation. SL responded the fastest to drought (heat)
events, whereas the responses of NLF and BLF generally had two month
lags. The effect of CDHEs on the growth of vegetation (g(drought N
heat) = 0.35) was significantly stronger than that of the individual
extreme events (0.170 and 0.160, respectively), with nonlinear
enhanced and bi-factor enhanced interaction modes.
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