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Abstract

In the context of climate change, the extreme precipitation events over most of the mid-latitude land 
masses and over wet tropical regions will very likely become more intense and more frequent, which 
may cause increases in the intensity and frequency of extreme drought or flood events. To explore the 
mechanism of dynamic and functional changes in ecosystems driven by extreme drought and flood 
events (EDFEs) in the future and the interaction between the two, this study focuses on the mutual 
feedback relationship between EDFEs and the ecological succession of vegetation. To accomplish 
this target, we reviewed relevant studies of the impacts of EDFEs on vegetation ecology (including 
growth status and living states) and that of feedback of ecological succession of vegetation to EDFEs. 
This study is of great significance for accurately predicting the future dynamic succession of plant 
communities, and the circulation of materials of future ecosystem with ongoing climate change, which 
provides fundamental and scientific basis for the establishment of ecological protection and restoration 
strategies in response to frequent climate extremes.
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Introduction

In the context of climate change, the number and 
frequency of extreme weather events worldwide are 
increasing and the extreme precipitation events over 
most of the mid-latitude land masses and over wet 
tropical regions will very likely become more intense 
and more frequent [1]. As for extreme precipitation 
events, different scholars have slightly different 
definitions of their connotations. Some scholars regard 
the precipitation events with 1- to 7-day precipitation 
totals exceeding specific station-specific thresholds as 
extreme precipitation events, such as the precipitation 
events in upper 5 percentile of a probability density 
function of observations or with 1 year or 5 years 
recurrences [2]. According to IPCC [3], an extreme 
weather event would normally be as rare as or rarer 
than the 10th or 90th percentile of a probability density 
function estimated from observations. Some researchers 
hold that extreme climatic events are characterized 
by their statistical extremeness combined with their 
discreteness relative to the life span of the organisms in 
focus [4] or with the feature of changing the structure 
and function of the ecosystem beyond its normal 
variability [5].

The extreme drought and flood events (EDFEs) 
refer to extreme hydrological events caused by extreme 
precipitation events with relatively long recurrence 
periods. The EDFEs described in this study are 
the drought or flood events caused by the relatively 
discontinuous precipitation with probability density 
functions estimated from observations at 10%, 90%, or 
with 5 years recurrences.

The EDFEs consist of single extreme drought or 
flood event and multiple extreme drought and flood 
composite events. Multiple extreme drought and flood 
composite events are classified to repeated extreme 
drought or flood events, and extreme drought and flood 
abrupt alteration events (Fig. 1). The drought and flood 
abrupt alteration events (DFAA) are generally believed 
as persistent drought for certain continuous days in one 

basin or region, followed by sudden heavy precipitation, 
resulting in steep river water and farmland waterlogging 
[6]. The drought duration in DFAA varies among 
different studies, ranging from several ten days [7], 
months [8] to quarters and years [9]. The term “extreme 
drought and flood abrupt alteration events” in this study 
refers specifically to an extreme drought event following 
by an extreme flood event.

Climate change forecasts of more frequent climate 
extremes suggest that such events including the EDFEs 
will become increasingly important drivers of future 
ecosystem dynamics, function and services [10-12]. 
Nonetheless, how can the EDFEs drive future ecosystem 
dynamics, function and services potentially? According 
to some scholars, the EDFEs possibly drive species 
range shifts and influence physiological processes, 
which may affect the provisioning of ecosystem 
dynamics, function and services [13].

Taking vegetation, which is the major producer 
of ecosystem as an example, growth and survival 
of vegetation may be perturbed along with shifted 
physiological processes and species range under the 
impact of the EDFEs. The EDFEs result in dramatic 
changes of available water for vegetation in soil, which 
may affect vegetation growth status [14-18]. Some 
EDFEs with long duration may endanger vegetation 
survival, such as causing canopy dieback, whole tree 
mortality, and entire forest mortality [11,19], which 
probably trigger ecological succession of vegetation. 
Meanwhile, we assume that the ecological succession of 
vegetation might exert feedback on EDFEs. Therefore, 
this study based on the hypothesis that there is mutual 
feedback relationship between EDFEs and ecological 
succession of vegetation. 

Disentangling the mutual feedback relationship 
between EDFEs and the ecological succession of 
vegetation provides a referential example to understand 
and reveal the relationship between climate extremes 
and ecosystem dynamic and function, which is 
important for prediction of circulation of materials 
of future ecosystem. Despite  the effects of EDFEs 

Fig. 1. A schematic diagram explaining different types of extreme drought and flood events (EDFEs). The term “Repeated Extreme 
Drought or Flood Events” represents the repeated and relatively discontinuous extreme drought or flood events. The term “Extreme 
Drought and Flood Abrupt Alteration Events” refers specifically to an extreme drought event following by an extreme flood event.
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on vegetation ecology have been extensively studied, 
the mutual feedback relationship between EDFEs and 
the ecological succession of vegetation still remains 
unknown. 

This study focuses on disentangling the mutual 
feedback relationship between EDFEs and the 
ecological succession of vegetation. To address this 
issue, several electronics databases (Web of Science 
Core Collection, Korean Journal Database, Russian 
Science Citation Index, SciELO Citation Index) were 
searched for English-language articles reporting three 
aspects: (1) the effects of EDFEs on vegetation ecology, 
(2) the underlying mechanism of the impacts of EDFEs 
on vegetation ecology, (3) feedback of ecological 
succession of vegetation to EDFEs. This study contains 
a comprehensive review of different studies in the 
above three aspects, which provides the mechanism of 
dynamic and functional changes in ecosystems driven 
by extreme drought and flood events (EDFEs) in the 
future and the mutual feedback relationship between 
EDFEs and the ecological succession of vegetation. The 
results are of great significance for accurately predicting 
the future dynamic succession of plant communities 
and circulation of materials of future ecosystem with 
ongoing climate change, which provides fundamental 
and scientific basis for establishment of ecological 
protection and restoration strategies in response to 
frequent climate extremes.

Results and Discussion

The Impacts of EDFEs on Vegetation Ecology

Based on observations and analyses, the EDFEs 
influence vegetation ecology by affecting growth 
status and survival of vegetation, which may promote 
ecological succession of vegetation (Table 1). To 
elucidate the underlying mechanism which drives the 
ecological succession of vegetation, we investigate the 
underlying mechanism and manifestation of vegetation 
mortality caused by EDFEs (Fig. 2).

Observations and Analyses

(1) Growth status
The impact of EDFEs on the growth status of 

vegetation is reflected in the possible changes in the 
net primary productivity (NPP) of the vegetation, 
which can lead to changes of physiological, ecological 
indicators on leaf scale, canopy scale, plant scale, 
population scale, community scale and landscape scale. 
The impact of single extreme drought or extreme flood 
event on growth status of vegetation is restricted by 
severity, duration and occurrence time in the year 
of single extreme drought or extreme flood event and 
the resistance and resilience of vegetation [20-21]. 
Compared to single extreme drought or extreme flood 
event, the impact mechanisms of multiple extreme Ta
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drought and flood composite events on vegetation 
ecology are more complex, with impacts of different 
events interacting synergistically or antagonistically. 
Moreover, the seasonal distribution of EDFEs and 
sensitivity differences of vegetation cover types to the 
events may also influence the impacts on growth status 
of vegetation.

1) Single event
The water scarcity owing to the extreme drought 

event (8-day average rainfall is at or below the lowest 
point of the multi-year average) in summer of 2012 
together with heatwave severely decreased the capacity 
of forest carbon sequestration by about 64.1% in Ozark 
region of central Missouri, USA [14]. The extreme 
flood events probably affect the lifespans of trees. 
Multiple regression analysis indicates that factors such 
as species, tree diameter at breast height, distance from 
sampled tree to the above boundary of sample plot (far 
from the riverbank), and distance from the upstream of 
the river affect the lifespans of trees after extreme flood 
events [22].

Based on the results of 17 years drought experiment 
(with a decreasing trend of 40% in precipitation), Liu 
D.J. et al. [15] found that the extreme drought events 
significantly reduce species richness in Mediterranean 
shrubland, the extreme drought events also obviously 
decreased community diversity, evenness and 
abundance. Meanwhile, the extreme drought events 
increase the relative species richness and abundance of 
shrubs.

For grassland ecosystem, extreme drought or flood 
events can also affect its productivity. The study of 
Miranda J.D. et al. [16] reflects that 50% reduction in 
rainfall reduces grassland productivity, vegetation cover 
and diversity, Rakefet S.N. et al. [17] finds the similar 
results. Fay et al. [18] increased single-field rainfall 
of grassland in the Kansas, America through rainfall 
control experiments. The results showed that above-
ground net primary productivity (ANPP) increased 
with enhanced photosynthesis, and a threshold exists 
for increased biomass. In semi-arid grassland, apart 
from ANPP, soil respiration (R-s) is also sensitive to 

Fig. 2. Conceptual figure of the impacts of EDFEs on vegetation ecology. The solid arrows represent the confirmed relations under certain 
conditions, while the dotted arrows represent the probable relations.
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changes in growing season precipitation (GSP), this 
responsiveness to GSP peaks at moderate levels of 
extremity, and declines at the most extreme GSP levels 
[23]. The study of Li W.T. et al. [24] indicates that 
with mean annual precipitation lower than 600mm, 
the greening of the savannas and grasslands in the 
Sahel is found to highly correspond with the increased 
precipitation.

2) Multiple events
Harper C.W. et al. [25] found that a 30% reduction 

in annual precipitation lead to decreases of the average 
soil moisture content by 11% and that of ANPP by 9%; 
extending the drought period between extreme flood 
events to 1.5 times of the original reduced the average 
soil moisture content by 19% and the ANPP by 9%; the 
average soil moisture content reduced by 23% and the 
ANPP reduces by 18% under the combination of the two 
above treatment. The results of this type of experiments 
show that by changing the seasonal distribution of 
rainfall during the year, increasing the intensity of a 
single rainfall and extending the time interval between 
rainfall events, the extreme precipitation decreases 
ANPP in mesic sites, but, conversely, increased ANPP 
in xeric sites [26].

The effects of EDFEs on vegetation ecology are 
not isolated. When multiple extreme drought and flood 
composite events occur, their impacts on vegetation 
ecology may be more complicated. As for the impacts 
of extreme drought and flood abrupt alteration events 
on growth status of vegetation, enhanced growth after 
extreme wetness was found to last for 1 to 5 years and 
compensate for 93 +/- 8% of the growth deficit after 
extreme drought across global water-limited regions 
according to Jiang P. et al. [27]. However, we note that 
the impacts of repeated extreme precipitation events, 
such as repeated extreme drought events, even years 
apart from each other, are also likely to have a more 
negative effect on vegetation mortality compared with 
altered precipitation within only one year [28].

3) Seasonal distribution of events
Differences in seasonal distribution of EDFEs 

in the year may have significantly different impacts 
on growth status of vegetation. The underlying 
mechanism may be that the seasonal distribution of 
extreme precipitation in the year is a critical factor in 
determining soil microbial- and plant-productivity. It 
affects the vegetation ecology indirectly by affecting 
soil temperature and soil humidity, and then combining 
with soil microbial processes. Ou Y. et al. [29] verified 
that an extreme flood event in Songhua River in August 
2013 had prominent effects on the soil physicochemical 
conditions, enzyme activities and soil microbial 
composition of riparian wetland.

Whether EDFEs occur in growing season may have 
diverse effects on vegetation ecology. In the mid-plant 
growth season, higher temperature and soil moisture 
elicit positive synergistic effects on plant growth and 
soil microbial processes [30]. Reduction of precipitation 
in spring or summer generally has negative effects on 

plants, associated with reduced SWC, while subsequent 
reduction in autumn or winter has little effect on SWC 
or plants. Similarly, increased summer precipitation has 
a more dramatic impact on plants than winter increases 
in precipitation [26].

4) Sensitivity of different vegetation cover types
Responses of vegetation to water stress vary in 

different vegetation cover types. Grasslands are most 
responsive to extreme drought events followed by 
forests and desert vegetation [31]. Persistent extreme 
drought events may also have legacy effects on 
vegetation growth, which cause reduced vegetation 
growth. Wu X.C. et al. [32] shows that legacy effects 
of extreme drought events on vegetation growth differ 
markedly between forests, shrubs and grass across 
diverse bioclimatic conditions over the temperate 
Northern Hemisphere. Specifically, deep-rooted forests 
exhibited a drought legacy response with reduced 
growth during up to 4 years after an extreme drought, 
whereas shrubs and grass had drought legacy effects 
of approximately 2 years and 1 year, respectively. An 
assessment of the terrestrial carbon flux responses to 
extreme drought in Southwest China in 2009 reflected 
that across different vegetation types, forests and 
shrubs have stronger capability of drought resistance 
and shorter post-drought recovery time than crops and 
grasses [33]. Sensitivities of different plant functional 
types (PFT) to extreme drought events also vary from 
each other. Through simulation experiments among 
C-3, C-4 grasses and shrubs, David L.H. et al. [34] 
reveals that the C-3 grasses are the most sensitive PFT 
to drought, the C-3 shrubs are the most resistant, and 
the C-4 grasses and shrubs have intermediate drought 
sensitivities. Lawson J.R. et al. [35] surveyed dominant 
species at 15 riparian sites along rivers across south-
eastern Australia and found that extreme flood events 
with average recurrence of 10-20 years show strong 
positive relationships with mean wood density. This 
study indicates that mean wood density in riparian 
communities is probably driven by powerful but 
relatively rare flow events.
(2) Survival

EDFEs which last for a certain period of time, 
may cause drastic changes in vegetation ecology. For 
instance, persistent extreme drought events probably 
lead to tree mortality or increase the probability of 
mortality. Continuous extreme flood events may also 
cause tree damage or mortality [11]. McDowell N.G. 
et al. [19] conducted drainage pipe experiments in 
Sevilleta National Wildlife Refuge, New Mexico, USA, 
and showed that after 16 months of the reduction of 
precipitation by 45% contrasted to 20-year average 
precipitation, the death rate of the pinon pine reaches 
68%, and after 21 months the mortality rate reaches 
100%. Matusick G. et al. [36] found pronounced legacy 
effects associated with chronically reduced long-term 
precipitation (LTP) (1951-1980 versus 1981-2010) at 
the tree level. When comparing areas experiencing 
7.0% and 11.5% decline in LTP with a normal level,  
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the probability of tree mortality increases from low 
(<0.10) to high (>0.55) in both species, and probability 
of crown dieback increased from high (0.74) to nearly 
complete (0.96) in E. marginata. After experiencing 
8 years of extreme drought events in the San Juan 
National Forest, Colorado, USA, the average dieback 
rate of Populus tremuloides gradually increased  
from 15% to 27% in July 2011 and to 38% in July  
2012 [28]. Kramer K. et al. [37] used multivariate 
analysis to find that flooding duration, flooding depth 
and flooding velocity can explain 19%, 11% and 8%, 
respectively, of the variation in damage and mortality 
of trees.

Moreover, persistent extreme drought events 
significantly reduce tree growth rates. A strong 
correlation was found between the binned averages 
of tree growth-related ring width index (RWI) and 
standardized precipitation evapotranspiration index 
(SPEI) at the regional-scale under dryer conditions [38]. 
Predicted by the correlation of the regression model, 
persistence of the water deficit (11 months) with the 
intensity of -1.64 leads to negligible growth for the 
conifer species (Pinus edulis and Pinus ponderosa) in 
the Southwestern United States.
(3) Ecological succession

After the mortality of vegetation caused by persistent 
EDFEs, the ecological succession of vegetation may 
be promoted under the natural state or with artificial 
intervention. A study focused on Mediterranean forests 
showed that the region suffered a severe drought 
in 2005 with a 55% decrease in the average annual 
rainfall. This drought resulted in a strong holm oak 
defoliation (around 20-30% of the total population) and 
mortality (15%). Consequently, this woodland showed 
a successional chronosequence that went from holm 
oak ecotype to a grassland ecotype [39]. On the long-
term, repeated drought-induced mortality events, along 
with an unsuccessful recruitment of the dominant tree 
species in forests may lead to a vegetation succession 
process where trees would be replaced by understory 
species (such as drought-tolerant shrub) [40]. In the 
process of ecological succession of vegetation, the 
impacts of vegetation on local hydrological process of a 
catchment or region may change correspondingly.

Underlying Mechanism

Most researches on the underlying mechanism of 
the impacts of EDFEs on vegetation ecology focus 
on the mechanism of vegetation mortality induced by 
EDFEs, with less attention to the influential mechanism 
of EDFEs on growth status. Therefore, this study 
mainly summarizes the mechanism and manifestation 
of tree mortality caused by EDFEs. The research on the 
mechanism of tree mortality caused by extreme drought 
events has made beneficial progress, while the research 
on the mechanism of vegetation mortality caused by 
extreme flood events has been relatively less.
(1) Possible mechanisms

What are the possible mechanisms of tree mortality 
caused by persistent extreme drought events? Studies 
have shown that the relationship between drought and 
tree mortality is more complicated than that between 
drought and grassland productivity [41]. Because of 
this, the mechanism of tree mortality caused by extreme 
drought events has not been comprehensively analyzed 
and confirmed. Nonetheless, scholars represented by 
McDowell N.G. et al. [42], Choat B. et al. [43], and Liu 
Y.L. et al. [44] have reached certain consensus on the 
mechanism of tree mortality caused by extreme drought 
events. They hold the view that tree mortality caused 
by extreme drought events may occur through several 
mechanisms, including plant hydraulic system failure, 
carbon starvation, phloem transport limitation and 
biotic attack. Extreme drought events cause reduction of 
available water for plant in soil, which lead to decrease 
of xylem water potential. To maintain water balance, 
most trees choose to reduce the stomatal conductance 
of the leaves until the stomata closed and cavitation 
generated. At a critical threshold of drought stress, 
cavitation increases rapidly and gas emboli spread 
throughout the xylem and loss of xylem hydraulic 
conductance increases sharply. As the extreme drought 
events continue, embolic in the xylem extends to 
the entire hydraulic transmission system of the plant 
(including roots, stems and leaves), which represents 
completely failure of plant hydraulic system.

On short time scales, these consequences include a 
rapid cessation of photosynthetic CO2 assimilation, loss 
of canopy evaporative cooling through transpiration 
and greater probability of photodamage. Over longer 
time scales, low photosynthetic rates associated with 
drought-induced stomatal closure can lead to depletion 
of non-structural carbohydrate pools. Moreover, 
both translocation of sugars through the phloem and  
the production of chemical defensive compounds needed 
to prevent herbivory and disease may be interfered, 
which could reduce forest defenses against biological 
attacks.

Although the mechanisms of tree mortality caused 
by persistent extreme drought events especially phloem 
transport limitation and biotic attack are far from fully 
understood. It is basically certain that the tree mortality 
is mainly related to low plant water potential and the 
decrease of photosynthesis rate. This study mainly 
explores the persistent extreme drought events which 
trigger tree mortality by affecting plant hydraulic 
system.
(2) Manifestations

The low plant water potential under extreme drought 
events can generally be characterized by the water 
potential at certain loss of the hydraulic conductivity 
of plants. The minimum recovery water potential of 
conifers has been found to correspond to the water 
potential at 50% loss of xylem hydraulic conductance 
(P50) [43]. Different from coniferous forests, the 
mortality thresholds in angiosperms are found to be 
associated with more complete hydraulic dysfunction, 
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which are the water potentials at the 80-100% losses of 
xylem hydraulic conductivity (PLC), expressed as P88 
[45-46]. Other hydraulic thresholds for mortality have 
been proposed, including a sustained loss of hydraulic 
conductance greater than 60% [19].

Simulated pinon pine trees that died in August 
2008, 1 year after installation of the drought treatment, 
achieve a maximum PLC of c. 80% and a minimum 
non-structural carbohydrates (NSC) of 40% of their 
starting NSC pool just before mortality. However, the 
two indicators are not applicable for other surviving 
pinon pines [19]. Predicting PLC of soil-canopy 
continuum in pinyon–juniper woodland suggested that 
none of the trees go ‘critical’ (PLC = 100), but trees of 
both species that ultimately die are unique in spending 
over 50% of their growing season days at a PLC>68 
[19, 47]. A link between branch PLC>70 and dieback is 
found in Juniper, oak species growing naturally in Texas 
[48] and ironbark and bloodwood species in Australia 
[49]. Extensive studies of natural aspen have associated 
mortality with PLC>60 in root and stem segments, with 
the potential for a long lag time between PLC-inducing 
drought and ultimate death [50-51].

Furthermore, HSM of tree (difference between 
xylem minimum water potential and water potential 
under a certain loss of hydraulic conductivity), 
synthesizing complex drought responses that involve 
integration of stomatal and hydraulic responses, is used 
for prediction of tree mortality risk. By analyzing the 
results of 33 studies worldwide, Anderegg W.R.L. et al. 
[52] find that the HSM from P50, P50 and P88 are the 
only significant predictors of cross-species patterns of 
mortality anomalies across all species combined.

Studies have also shown that Juniper may be less 
likely to have simple mortality thresholds. Juniper 
trees dropped foliage progressively during drought and 
exhibit gradual canopy loss from 2007 to 2013 and 
whole-tree mortality during 2010-2013 [53].

The commonly used hydraulic thresholds for 
mortality such as P50 are not constant values, which 
may change among different tree species or within the 
same tree species temporally and spatially. Anderegg 
W.R.L. [54] calculated the coefficient of variation of 
stem P50 and found that the intra-specific CV of P50 
varied both in time and in space, with slightly higher 
variability temporally than spatially. Angiosperms 
exhibited higher intra-specific spatial variability than 
gymnosperms in P50. This study reflects the degree of 
variation of P50 among different kinds of plants, which 
is crucial for investigating the hydraulic responses of 
plants to extreme drought events. However, there still 
remains a gap for the researches of the variation of P88 
among different tree species or within the same tree 
species temporally and spatially.
(3) Probable causes of differences in manifestations

The differences in hydraulic thresholds for the 
mortality between coniferous forest and angiosperm 
may be caused by the differences of xylem structure 
between the two. Tori exist in the center of the pit 

membrane of coniferous trees, while not in that of 
angiosperm. When tori are inserted into round or oval 
pits with thickened edges, they will cause the pits to 
close, preventing gas exchange between the tracheid. 
The presence of pit plugs in the xylem of coniferous 
trees prevents water from entering the other tracheid or 
ducts through the pits under extreme drought conditions. 
Thus, the water confined in the tracheid or duct that 
produces the embolism in coniferous trees can’t be used 
by coniferous trees, which may lead to the lower lethal 
hydraulic conductance of xylem in coniferous trees than 
that in angiosperms [55].

Feedback of Ecological Succession 
of Vegetation to EDFEs

Compared with the impacts of EDFEs on vegetation 
ecology, the ecological succession of vegetation may 
apply feedback to EDFEs (Fig. 3). The basic theory 
of this feedback refers to the impacts of vegetation 
ecology on local hydrological process. During the 
ecological succession of vegetation, local hydrological 
processes changes accordingly, which may change the 
capacities of the basin for mitigation or exacerbation of 
the extreme events.

Basic Theory

The basic theory of feedback of ecological 
succession of vegetation to EDFEs relies on the impacts 
of vegetation ecology on local hydrological process. 
The direct impacts of vegetation ecology on local 
hydrological process are exerted through root water 
absorption and stomatal transpiration. The indirect 
impacts involve the influences of the canopy structure 
and the community distribution on precipitation, soil 
moisture, slope runoff and evapotranspiration from 
vertically and horizontally respectively [56].

The influences on precipitation mainly manifest 
in the canopy interception and stem redistribution 
of precipitation, of which the canopy interception is 
mainly affected by vegetation types, canopy density and 
forest structure complexity [57-59].

Apart from root water absorption, vegetation ecology 
also affects soil moisture and slope runoff by changing 
soil infiltration capacity and deep seepage recharge 
[60]. Root channels characteristics, below-ground 
biomass can determine the soil infiltration rates as well 
[61-62]. The hydraulic redistribution mechanism of the 
root system may change the distribution of surface soil 
water and deep soil water [63]. Additionally, vegetation 
types, vegetation coverage and NDVI are related to 
evapotranspiration [64-65].

Consequently, most studies have demonstrated the 
beneficial effects of vegetation in reducing surface 
runoff under different environmental conditions, 
while the effects on groundwater are complicated and 
divergent [66-68].
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Feedback Paths

According to the aforementioned basic theory, 
the feedback paths lie in local hydrological processes 
changes caused by ecological succession of vegetation.

The vegetation mortality can be regarded as a signal 
of vegetation succession. The vegetation mortality 
may have impacts on the runoff yielding and flow 
concentration process of local hydrological cycle. Loss 
of canopy cover from tree mortality directly decreases 
transpiration and canopy interception of precipitation, 
sometimes leading to increases in soil moisture, run-off 
and recharge [69]. Tree mortality may cause increases in 
SWC, and the changes of soil moisture at the dead trees 
during drought and rainfall events are both significantly 
different from that at normal growing trees [70].

Studies also show that changes in surface runoff 
may be unobvious over a longer period of time after 
tree mortality. 10 years after tree mortality, streamflow 
changes in most basins following die-off are not 
detected, while one basin consistently shows decreased 
streamflow [71]. Time-trend analysis reveals post-die-
off streamflow decreased in three catchments by 11-
29%, with no change in the other five catchments. This 
observation may be related to inter-annual variation 
of precipitation and different tree types and forest 
coverage.

During forest succession, canopy interception 
and surface runoff may change significantly. In the 
first decade of forest recovery, canopy interception 
loss increased to levels of mature forests in a tropical 
forest region of Panama, which may have potentially 

undesirable consequences for the entire flow regime 
[72]. With increasing trends of vegetation indexes of 
the Loess Plateau in northern Shaanxi since 1986, 
a negatively correlation between the annual runoff 
and NDVI or ET was found [65]. The peak flow 
differences existed in the paired watersheds with 
similar characteristics of watershed area, elevation, and 
soil properties but different forest cover in Ecuador 
in South America. Nevertheless, as the size of the 
precipitation event increases, the effects of forest cover 
and afforestation on the peak discharge become less 
important [73].

During natural vegetation restoration following 
grassland-shrubland-forestland succession, the soil 
water storage (SWS) and water yield of the basin 
under different vegetation covers change accordingly. 
In the same year, the SWS was highest in grassland, 
intermediate in shrubland, and lowest in forestland. 
Moreover, the SWS in grassland and shrubland was 
significantly higher in August 2014 than in August 
2005, but the pattern was reversed for forestland [74]. 
By analyzing 94 watershed experimental studies, Bosch 
J.M. and Hewlett J.D. [75] inferred that coniferous forest, 
deciduous hardwood, shrub and grassland have (in that 
order) a decreasing influence on water yield of the basin 
in which these covers are manipulated. Coniferous 
and eucalypt cover types cause approximately 40 mm 
change in annual water yield per 10% change in forest 
cover. Deciduous hardwoods are associated with a  
25 mm change in yield per 10% change in cover, while 
10% changes in shrub or grass lands seem to result in 
about 10 mm change in annual yield. In general, changes 

Fig. 3. Conceptual framework shows the feedback of ecological succession of vegetation to EDFEs. Biological soil crusts (BSCs) formed 
on the surface of the sand dunes as vegetation succession proceeded in the arid or semi-arid desertification areas [77]. BSCs can also 
profoundly change hydrological processes by affecting precipitation infiltration, soil evaporation and soil water redistribution.
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in annual water yield caused by forest cover reduction 
of less than 20% can’t be detected by hydrometric or 
streamflow measurement methods [76].

In the arid or semi-arid desertification areas, as 
vegetation succession proceeded, biological soil crusts 
(BSCs) formed on the surface of the sand dunes [77]. 
BSCs can alter patterns of SWS, the soil bulk density, 
the soil water-holding capacity. For example, the 
development of BSCs increase the moisture content 
near the surface (0-5 cm) while decrease the moisture 
content in deeper layers (5-120 cm) [78]. BSCs can 
also profoundly change hydrological processes, such 
as precipitation infiltration, soil evaporation, soil water 
redistribution and the water balance of the original soil-
vegetation system [77, 79].

Feedback

The ecological succession of vegetation exerts 
feedback on EDFEs by changing the capacities of the 
basin for mitigation or exacerbation of the extreme 
events.

Beier C.M. et al. [80] reanalyzed one of the 
earliest ecosystem experiments in North America 
with the 1963 de-vegetation of a forest and compared 
water flow regulation capacity between experimental 
watershed (deforestation area) and reference watershed 
over 30 years. Based on his results, during the time 
of de-vegetation and initial recovery, experimental 
watershed has a marginally lower likelihood than 
reference watershed of flood prevention after moderate 
to high amounts of precipitation (100-175 mm), while 

experimental watershed has a higher capacity than 
reference watershed for drought mitigation.

Conversion from native deciduous catchments to 
dense pine monocultures reduces annual streamflow 
in both extreme wet- and dry-event years, which may 
exacerbate low flows and drought, but it may also 
potentially mitigate high flows and flood risk. Managing 
catchments with species conversion treatments 
could decrease the apparent frequency of observed 
extreme wet-event years on average by a factor of 
seven compared to an unmanaged catchment [81]. In 
this type of treatment, the choices of tree species are 
key determinant factors of response intensities. For 
example, tropical and subtropical species conversions 
to Eucalyptus hybrid plantations might exacerbate 
streamflow responses to extreme dry years even more 
than a pine plantation [82].

Conclusions and Prospect

The Mutual Feedback Relationship between EDFEs 
and Ecological Succession of Vegetation

EDFEs affect the vegetation ecology by changing the 
available water for vegetation in the soil, including the 
impacts on the growth and survival status of vegetation.

The impact of EDFEs on the growth status of 
vegetation is reflected in the possible changes in the 
net primary productivity (NPP) of the vegetation, 
accompanied with the changes of physiological, 
ecological indicators on leaf scale, canopy scale, plant 

Fig. 4. A conceptual framework which shows the mutual feedback relationship between EDFEs and ecological succession of vegetation. 
The solid arrows represent the confirmed relations under certain conditions, while the dotted arrows represent the probable relations.
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scale, population scale, community scale and landscape 
scale. The impact of single extreme drought or extreme 
flood event on growth status of vegetation is restricted 
by severity, duration and occurrence time of the event 
and the resistance and resilience of vegetation [20-21]. 
While the impact mechanisms of multiple extreme 
drought and flood composite events on vegetation 
ecology are more complex, with impacts of different 
events interacting synergistically or antagonistically. 
Meanwhile the seasonal distribution of EDFEs and 
sensitivity differences of vegetation cover types to the 
events may also influence the impacts on growth status 
of vegetation.

Persistent EDFEs may also endanger the survival of 
vegetation, leading to tree mortality or increasing the 
probability of tree mortality. Although the mechanisms 
of tree mortality caused by EDFEs are complicated and 
far from fully understood, it is basically certain that 
tree mortality is mainly relevant to low plant water 
potential and the decrease of photosynthesis rate. After  
vegetation mortality caused by persistent EDFEs, the 
ecological succession of vegetation may be promoted 
in the natural state. The application of artificial 
intervention may also change the ecological status of 
vegetation, which both lead to changes of the impacts of 
vegetation on the hydrological processes.

During the ecological succession of vegetation, 
the impacts of vegetation on canopy interception, 
evapotranspiration, infiltration, and the processes of 
overland flow concentration and soil water movement 
may have changed, which can cause alterations in 
quantities of soil water content (SWC), surface runoff 
and underground runoff. These changes possibly 
influence the abilities of vegetation to prevent extreme 
flood events and mitigate extreme drought events, 
and the frequencies of EDFEs and peak flow in the 
basin may change accordingly. Therefore, the mutual 
feedback relationship between EDFEs and ecological 
succession of vegetation has developed (Fig. 4).

Summary of Hot Issues for Future Research

This review indicates key research gaps in 
understanding the mutual feedback relationship between 
EDFEs and ecological succession of vegetation. Most 
researches in this field focus on the impacts of a single 
extreme drought or flood event on the vegetation 
ecology, our current understanding of the underlying 
mechanisms of the effects of multiple extreme drought 
and flood composite events on vegetation ecology is 
relatively lacking. With the increasing variabilities of 
EDFEs under climate change, the occurrence possibility 
of multiple extreme drought and flood composite 
events increases. In this context, it is essential to study 
the mechanism of how the multiple extreme drought 
and flood composite events may affect the vegetation 
ecology to enhance the ability of the ecosystem to cope 
with extreme drought and flood risks under frequent 
climate extremes in the future.

Existing studies generally acknowledge the 
differences in the sensitivities of vegetation types to 
EDFEs. Studies which quantitatively characterize such 
differences are relatively scattered in the globe and lack 
a summary of the laws applicable to different climatic 
zones around the world. In the future, it is necessary to 
carry out synthetical researches on the sensitivities of 
different plant functional types to EDFEs in different 
climate zones. Meanwhile, to provide technical support 
for vegetation ecological adaptive management under 
frequent climate extremes, ecological risk assessment of 
vegetation in different regions of the world caused by 
EDFEs are urgent.
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