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Abstract: In tropical regions, mangrove forests are located in the inter-tidal areas between
land and sea, and are at risk from both freshwater and seawater floods. Using satel-
lite-derived Normalized Difference Vegetation Index (NDVI) products, this study compared the
differences in resistance and resilience of mangrove ecosystems to freshwater and seawater
floods in Southeast Asia, and analyzed the spatial characteristics of the stability of mangrove
ecosystems under floods in representative areas. Results show that mangroves tended to
have lower mean resistance (28.24 vs. 37.32) and higher mean resilience (3.74 vs. 3.56)
under freshwater floods, compared to seawater floods. Their resistance increased with the
distance from rivers, such that the resistance of coastal areas to freshwater and seawater
floods was lower than that of inland areas. These areas with lower resistance showed higher
resilience compared to those with higher resistance. Damaged mangroves hardly fully re-
covered to their normal NDVI levels one year after seawater floods, especially in coastal ar-
eas. Although the occurrence of seawater floods was relatively rare in the past, it is likely to
increase under more-intense climate extremes in the future, and the threat to the survival of
mangroves may also increase. Thus, it is essential to evaluate the stability of mangrove
ecosystems under floods.
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1 Introduction

Flooding is one of the most common, destructive, and costly natural disasters (Liu et al.,
2021), and may significantly affect the temporal stability of terrestrial ecosystem functions,
such as vegetation respiration (Mommer and Visser, 2005), ecosystem productivity (Fonseca
et al., 2019), and land carbon budget (Batson et al., 2015). Coastal wetlands face risks not
only from freshwater floods caused by extreme precipitation, but also from seawater floods
caused by storm surges (Lambs et al., 2015). A further understanding of the effect of differ-
ent types of floods on coastal ecosystem functions will facilitate the projections of terrestrial
feedback on future climate change with the Earth System Model (Shafroth et al., 2010;
Milner et al., 2018).

In tropical and subtropical regions, mangrove forests are located in the inter-tidal areas
between land and sea, including river deltas, lagoons, and estuarine complexes (Alongi,
2008; Giri et al., 2011; Valderrama-Landeros ef al., 2019). Their total area accounts for
0.7% of the world’s total area of tropical forest. The largest proportion of mangrove areas in
the world is located in Asia (42%) (Giri et al., 2011). As a blue carbon ecosystem, mangrove
forests have excellent potential in sequestrating atmospheric carbon dioxide (Liu and Lai,
2019; Macreadie et al., 2021). However, due to global warming and increasing climate ex-
tremes, the stability and the carbon budget balance of mangroves may be hampered (Alongi,
2008).

Mangrove forests are the first line of defense against floods, reducing waves and storm
surges (Lambs ef al., 2015; Menéndez et al., 2020). The majority of previous studies focused
on the value of mangroves as a natural coastal defense at both global and local scale
(Brander et al., 2012; Deb and Ferreira, 2017; Worthington et al., 2020). Some of these
studies highlighted the impact of floods on the stability of mangrove ecosystems (Ball, 1998;
Barr et al., 2012). Increased precipitation and intense flooding impact mangroves through
habitat erosion, salinity change, or smothering by catchment-derived sediment (Adams and
Rajkaran, 2021), whereby the inundation of lenticels in the aerial roots will lead to a de-
crease in oxygen concentrations, thus resulting in mangroves death (Ellison, 2010). Floods
may also reduce the water diversion and photosynthesis capabilities of mangrove leaves
(Mangora et al., 2014). Sediment suffocation of aerial roots will inhibit oxygen exchange,
enhance root hypoxia, and ultimately kill the trees (Adams and Rajkaran, 2021). However,
existing studies rarely quantified the temporal stability of mangrove ecosystems under
floods at regional scales. Satellite-derived Normalized Difference Vegetation Index (NDVI),
as a proxy of vegetation greenness, offers the opportunity to characterize vagetation func-
tioning dynamics at regional scales (Li et al., 2006a; 2006b). The effects of floods on the
temporal stability of mangrove ecosystems may be generally described by resistance (i.e.,
their ability to maintain the original levels of NDVI during floods) and resilience (i.e. the
rate of NDVI recovering to pre-flood levels) (Huang and Xia, 2019).

The magnitude and frequency of coastal floods are anticipated to vary both temporally
and spatially with the increased intensity of extreme precipitation events, abnormal storm
surges, and enhanced meteorological tides due to the global warming-induced intensification
of the hydrologic cycle (Visser et al., 2014; Winsemius et al., 2016; Bevacqua et al., 2020;
Tabari, 2020; Liu et al., 2021). As a frequent tropical cyclone landfall region, Southeast Asia
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has often been hit by floods (Giri et al., 2015; Ahamed and Bolten, 2017; Chen et al., 2020).
For example, the Indian Ocean tsunami in 2004 destroyed the marine and terrestrial envi-
ronment in coastal areas, entailing extensive coastal erosion and long-term impacts on
coastal ecosystems (Zhang et al., 2009; Syamsidik et al., 2021). Furthermore, projections
under future emission scenarios based on climate models demonstrate that the scale and
frequency of floods in Southeast Asia will increase greatly (Hirabayashi et al., 2013; Record
et al., 2013; Arnell and Gosling, 2016).

When extreme flooding events occur, the availability of satellite-derived vegetation indi-
ces data enables the measurement of vegetation spatial-temporal dynamics. This study aimed
to compare the differences in mangrove ecosystem stability under freshwater and seawater
floods in Southeast Asia. Using NDVI data for the period 2000-2019, the temporal stability
(including resistance and resilience) of mangroves under freshwater and seawater floods was
investigated. Moreover, this study also analyzed the spatial-temporal characteristics of the
cause, severity, and duration of floods in Southeast Asia over the period 1985-2019, based
on the flood events database of the Dartmouth Flood Observatory.

2 Materials and methods

The spatial characteristics of the stability of mangroves in Southeast Asia under severe
freshwater and seawater floods were investigated using the 250-m Moderate Resolution Im-
aging Spectroradiometer (MODIS) NDVI and the Dartmouth Flood Observatory Global Ac-
tive Archive of Large Flood Events (DFO, http://floodobservatory.colorado.edu) database.
The overall approach followed was articulated along three stages: (1) generation of
high-quality daily NDVI composites based on pixel-level quality assurance (QA) layers; (2)
extraction of the spatial range, cause, date, and duration of coastal flood events from the
DFO database; and (3) calculation and analysis of the resistance and resilience of mangrove
ecosystems to floods. An overview of the methods employed to investigate the spatial char-
acteristics of the stability of mangroves to floods is shown in Figure 1.
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Figure 1 Overview of the methodology employed to calculate the stability of mangrove forests to floods
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2.1 Study area

Southeast Asia hosts the largest extension of mangroves on Earth, corresponding to 35% of
the total global mangrove area (Giesen et al., 2006). The largest coverage is located along
the coasts of Indonesia (59.8% of all Southeast Asian mangroves), Malaysia (11.7%) and
Myanmar (8.8%) (Giesen et al., 2006). However, from 1980 to 2020, Southeast Asia lost
about 33% of their mangroves, corresponding to more than 63,000 km”, and only around
43,000 km® of mangrove forests currently remain (Savi, 2020).

2.2 Mangrove map

The mangrove map of Southeast Asia was extracted from the 10-m global baseline of man-
grove extent for 2010, which is the first data output of the Global Mangrove Watch (GMW)
initiative (Bunting et al., 2018). The methodology used to map the mangroves was primarily
based on the classification of the Advanced Land Observing Satellite-1 (ALOS) Phased Ar-
ray type L-band Synthetic Aperture Radar (PALSAR) and Landsat sensor data. Its overall
accuracy to determine mangrove extent was 94.0% (Bunting et al., 2018). According to the
extracted mangrove map, mangrove forests in Southeast Asia were calculated to cover
43,937.45 km’.

2.3 NDVI data

NDVI has been widely used for the analysis of mangrove changes (Goldberg et al., 2020)
and responses to ecosystem disturbance, such as floods (Powell ef al., 2014; Rahman et al.,
2021), droughts (Khoury and Coomes, 2020), and hurricanes (Zhang et al., 2016). The
NDVI values represent a normalized ratio of reflected visible and near-infrared energy, as
expressed by the following equation (Li et al., 2006):

NDVI = (P = Prea) ! (Prir + Prea)) (D
where p,.. and p,,, indicate the reflectance of the near-infrared (841-876 nm) and red

(620—670 nm) bands, respectively.

The Landsat remote sensing dataset with a 16-days acquisition frequency is not suited for
studying the response of mangroves to floods, because the flooding events are temporary
and last for a shorter time or even a few days. For this study, MOD09GQ (daily surface re-
flectance at 250-m resolution of MODIS TERRA) was used to generate the NDVI data. This
product is provided in two channels, one in the visible range, between 620 and 670 nm
(Band 1), and one in the near-infrared, between 841 and 876 nm (Band 2). Since the tiles of
MODO09GQ covering coastal lands include the adjacent coastal waters, this product is ap-
propriate to investigate mangrove change under the influence of coastal floods (More-
no-Madrifian et al., 2015).

The MOD09GQ vegetation product contains per-pixel QA data that contain information
on the overall usefulness, and the pixel reliability is on a per-pixel basis. Furthermore, QA
contains per-pixel quality flags relating to cloud state, cloud shadow, aerosol quantity, and
basic land cover characteristics, such as land/water, snow, and fire flags. In our study,
high-quality and cloud-free pixels were extracted (the QA number was 4096 in integer)
based on the QA layers. Gaps remaining after QA filtering were filled by interpolation be-
tween the two adjacent points in the temporal dimension. The time series with more than
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two consecutive gaps were filled based on the MODIS NDVI products (MOD13A2).
2.4 The flooding data

The DFO database was used to represent the spatiotemporal distribution of floods in South-
east Asia in the period 2000-2019. News reports and orbital remote sensing were the basis
for measuring and mapping flood events (Kundzewicz et al., 2013). Basic information on
each “large” flood event is documented in the DFO, including location, time, duration, af-
fected area, flood magnitude, and main causes (Chen et al., 2020). Depending on their main
cause, floods are classified as either freshwater floods or seawater floods. If a flood is
caused by a typhoon, tsunami, tidal surge, or high tides, it is classified as a seawater flood.
Floods caused by monsoonal rain, heavy rain, torrential rain, brief torrential rain, tropical
cyclone, or tropical storm are considered as a freshwater floods. If a pixel in the mangrove
distribution area is covered by a flood layer in the DFO, it means that that pixel has been
inundated by the corresponding flood.

2.5 Definition of ecosystem stability

The impact of freshwater and seawater floods on the temporal stability of mangrove ecosys-
tems may generally be described by the degree of resistance and resilience of NDVI (Vogt et
al., 2012; Osland et al., 2015); in fact, these stability components consider concurrent and
delayed impacts of floods on mangrove ecosystems (Isbell et al., 2015). Resistance quanti-
fies the direct (concurrent) impact of floods on NDVI, and expresses the capacity to main-
tain its original levels during floods. Resilience is defined as the rate of NDVI recovering to
its normal state after floods (Huang and Xia, 2019). Experimental and modeling studies an-
alyzed those two stability components from species to biome level (Osland et al., 2015).
Similar to the calculation method used by Isbell et al. (2015), the resistance (€2) was calcu-
lated as follows:

Y

Q= n_ 2
Yo7 (2)
While the resilience (A) was calculated as follows:
Y -Y
=l (3)
Ye+1 - Yn

where Y,, Y1, and Y, represent the expected average NDVI during an 8-day window after

the occurrence of a flood, during the same window in the following year, and during a nor-
mal period of the same window (mean value of all non-flooding years), respectively. If the
NDVI is reduced to half its normal level during a flood, then Q=2. In the year following a
climate event, if the NDVI recovers either from 50% to 75% or from 50% to 125% of nor-
mal NDVI levels, then it was considered as having recovered halfway from perturbed to
normal levels, and A=2.

3 Results

3.1 Flood events pattern

The DFO database holds flooding records for about 43.30% of mangrove areas in Southeast
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Asia during the period 1985-2019 (Figure 2a). The frequency of floods shows great spatial
heterogeneity. Floods mainly occurred on the eastern coast of the Philippine Islands and on
the western part of the Malay Peninsula. In contrast, the eastern coastal area of the In-
do-China Peninsula, the western Pulau Sumatra, and the New Guinea Island have fewer
flooding records (Figure 2a).
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Figure 2 Statistical data on flooding events in Southeast Asia mangrove areas from 1985 to 2019 based on DFO
data. (a) Spatial frequency distribution. The value of the dots represents the frequency of the flooding events at
one pixel scale. Distribution of (b) main cause, (c) severity, (d) duration, () occurring month, and (f) year of the
flooding events. The x-axis of (b—f) represents the percentage of flood events affecting mangrove areas.

The most critical factors causing extreme floods were monsoonal rains and heavy rains,
causing 69.09% of all floods impacting on mangrove areas (Figure 2b). Mangroves affected
by seawater floods accounted for 3.12% of all floods. DFO data showed that only seven
seawater flooding events occurred in the study area during the period 1985-2019, namely
three typhoons, two tsunamis, one tide surge, and one high tide. The majority of the floods
occurred had low severity (Figure 2¢) and short duration (Figure 2d). The floods with lev-
el-1 severity and those lasting less than 10 days accounted for 74.24% and 55.36% of the
total number of floods, respectively. Floods with level-2 severity accounted for 16.63% of
all floods (Figure 2c). The longest flood duration recorded in Southeast Asia was 141 days
(Figure 2d). The annual distribution of flood events presented clear seasonality, with the
majority of floods (62.99%) occurring from March to July (Figure 2e). The period
2003-2008 was a flood-rich period with a greater number of flood events, while the period
2009-2015 was a flood-poor period (Figure 2f). Between 1985 and 2019, 35.94% of floods
occurred in the period 2003-2008, and 14.57% of floods occurred in the period 2009-2015.

3.2 Regional characteristics of NDVI and stability

During the period investigated, the NDVI values ranged from 0.30 to 0.75 (Figure 3). The
northern part of the island of Borneo, the western part of New Guinea Island, and the Pen-
insular (Semenanjung) Malaysia recorded the higher NDVI values. The lowest NDVI values
were calculated for the estuary regions of the Mekong River, the Red River, and the Irra-
waddy River.

The numerical stability pattern of NDVI for freshwater and seawater floods in Southeast
Asia is shown in Figure 4. Overall, the resistance and resilience of mangroves to freshwater
and seawater floods showed similar numerical distribution patterns. The resistance of NDVI
to freshwater floods ranged from 0.0013 to 981.66 (Figure 4a), while that to seawater floods
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Figure 3 Spatial distribution of mean NDVI values from 2000 to 2019 in mangrove regions of Southeast Asia
Note: To show the spatial distribution of NDVI across Southeast Asia, the pixel resolution was interpolated to 50 km.
The pixel values represent the average NDVI of mangroves within that pixel. The red boxes and mark numbers represent
the location and range of selected representative regions, respectively.

ranged from 0.0013 to 988.97 (Figure 4b). The resilience of NDVI to freshwater floods
ranged from 0.0021 to 920.76, while that to seawater floods ranged from 0.0014 to 643.45.
The mean value of the resistance of NDVI to freshwater floods was 28.24, and that to sea-
water floods was 37.32. The mean value of the resilience of NDVI to freshwater floods was
3.74, and that to seawater floods was 3.56. Compared to seawater floods, freshwater floods
often caused greater general damage to mangroves in Southeast Asia.

There is a tripolarization between resistance and resilience (Figure 4). First, when man-
groves were damaged extremely and hardly restored, their resistance tended to 0 and their
resilience tended to 1. Second, when mangroves were damaged slightly and were unrecovera-
ble, their resistance tended to 1000 and their resilience tended to 0. Third, when mangroves
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Figure 4 Resistance and resilience of NDVI to (a) freshwater floods and (b) seawater floods during 2000-2016
Note: The colors represent the intensity of scattering points. The brighter the color, the higher the number of the
points in the same coordinate range.
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suffered general damage and achieved a good recovery, their resistance tended to 10 and
their resilience tended to 1000.

3.3 Spatial characteristics of stability in representative areas

The stability maps of four representative areas affected by freshwater floods are shown in
Figure 5 and Figure 6. Mangroves in estuaries were easily affected by freshwater floods.
Moreover, mangroves closest to the estuaries usually had the lowest resistance, which in-
creased with the distance from rivers, making inland areas more resistant to freshwater
floods than rivers and coastal areas (Figures 5a and 5b). Estuary alluvial fans are flat and can
easily be inundated during severe floods. A higher proportion of mangroves had a lower re-
sistance to freshwater floods, especially in marginal areas (Figure 5c, where the level of se-
verity of the selected flooding event was 2, and the level of its duration was 4). Short and
intense rainfalls often resulted in rising water levels of narrow rivers, thus flooding man-
groves along rivers and causing great damage to mangroves in inland areas (Figure 5d,
where the level of severity of the selected flooding event was 2, and the level its duration
was 4).
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Figure 5 Spatial distribution of resistance of NDVI to freshwater floods in four representative areas
Note: The location of the selected representative areas is shown in Figure 3 (a: F1; b: F2; c: F3; d: F4).
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In the selected areas, NDVI showed no clear spatial distribution pattern in relation to re-
silience to freshwater floods (Figure 6). However, at the regional scale, the resilience of
mangroves showed a zoning pattern (Figures 6a and 6b), whereby mangroves in adjacent
areas had similar resilience. The possible reasons for this aggregated distribution are the
varying flood intensity and duration, and the varying height and tolerance of mangroves to
local freshwater floods. The rise in seawater level caused by floods permanently inundated
mangroves in alluvial fans, where extensive mangroves had low resilience (Figure 6c).
Damaged mangroves farther away from rivers could recover better after flooding, as these
areas suffered inundation for a shorter period (Figure 6d).
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Figure 6 Spatial distribution of the resilience of NDVI to freshwater floods in four representative areas
Note: The location of the selected representative areas is shown in Figure 3 (a: F1; b: F2; c: F3; d: F4).

The spatial distribution patterns of stability in the two representative areas affected by
seawater floods are shown in Figures 7 and 8. Compared to the impact reach of freshwater
floods, only the mangroves around the seashore or the wide estuaries were affected by sea-
water floods, according to the DFO database (Figure 7). Coastal mangroves have been most
directly and strongly affected by the tsunami. At the same time, seawater floods affected
mangroves in inland areas along rivers in some areas (Figure 7a). Inland mangroves would
be invaded when high-intensity tsunamis will occur (Figure 7a, where the selected flooding
event was caused by the Indian Ocean tsunami in 2004). Although inland mangroves suf-
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fered from floods, they had a higher resistance than coastal mangroves. Topographic factors
can also affect the stability of mangroves, such as bays that reduce the direct impact of sea-
water floods on mangroves (Figure 7b). Especially in the case of weak floods, the damage
was minimal (the level of severity of the selected flooding event in Figure 7b was 1).
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Figure 7 Spatial distribution of resistance of NDVI to seawater floods in two representative areas
Note: The location of the selected representative areas is shown in Figure 3 (a: S1; b: S2).

Damaged mangroves did not fully recover to their normal levels even one year after the
seawater flooding events in selected areas, especially in the coastal areas (Figure 8). Inland
areas had higher resilience than coastal areas, as they were less affected by seawater floods
(Figure 8a). Similar to the spatial characteristics of the resilience of mangroves after fresh-
water floods, the resilience of mangroves after seawater floods also showed strong zoning
characteristics (Figure 8).
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Figure 8 Spatial distribution of the resilience of NDVI to seawater floods in two representative areas
Note: The location of the selected representative areas is shown in Figure 3 (a: S1; b: S2).

3.4 Different responses of the same mangroves to floods

Detailed maps of the stability of mangroves in freshwater and seawater floods in two se-
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lected mangrove areas in Southeast Asia were drawn, one for the southwestern coast of Ra-
nong, Thailand, and the other for the western coast of Satun, Thailand (Table 1). Both areas
have experienced freshwater and seawater floods in different years. The selected seawater
flooding event was caused by the well-known 2004 Indian Ocean tsunami. This unprece-
dented natural disaster has resulted in massive damage to the marine and terrestrial envi-
ronments along the coastal zones (Zhang et al., 2009).

Table 1 Information on the selected representative flooding events

Region  Flood type Time Main cause Severity Duration Mean resistance  Mean resilience
Freshwater  2017/11/25 Heavy rain 1 22 8.83 4.51
M Seawater 2004/12/26 Tidal surge 2 3 17.22 3.14
Freshwater  2009/11/25  Monsoonal rain 1 1 23.01 3.53
Mz Seawater ~ 2004/12/26 Tidal surge 2 3 29.68 2.15

Note: The location of the selected representative areas is shown in Figure 3.

Mangroves in southwestern Ranong, Thailand suffered a freshwater flood in 2017 and a
seawater flood in 2004 (Figure 9 and Table 1). The freshwater flood, caused by heavy rain,
lasted for 22 days and had a severity level of 1, while the seawater flood, caused by tidal
surge, lasted for 3 days and had a severity level of 2 (Table 1). The mean resistance of man-
groves to freshwater floods (8.83) was lower than that of seawater floods (17.22) in this re-
gion. Losses caused by freshwater floods in this region were more serious than those caused
by seawater floods, especially in coastal areas (Figures 9a, 9b, and 9e¢). Inland mangroves
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Figure 9 Stability of mangroves affected by floods in southwestern Ranong, Thailand

Note: (a) and (b) represent the resistance of NDVI to freshwater and seawater floods, respectively. (¢) and (d)
represent the resilience of NDVI to freshwater and seawater floods, respectively. (e) and (f) represent the per-
centage distribution of each interval of resistance and resilience, respectively. General information on these floods
can be found in Table 1, Region M1.
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were more resistant to freshwater and seawater floods than coastal mangroves. The mean
resilience (4.51) of mangroves to freshwater floods in this region was greater than that of
seawater floods (3.14; Table 1). After experiencing a more severe freshwater flood, a large
proportion of mangroves had higher resilience (Figure 9f). The resistance to freshwater and
seawater floods showed no clear spatial distribution characteristics (Figures 9c and 9d).
Mangroves in west Satun, Thailand suffered a freshwater flood in 2007 and a seawater
flood in 2004 (Figure 10 and Table 1). The freshwater flood, caused by monsoonal rain,
lasted for 1 day and had a severity level of 1, while the seawater flood, caused by tidal surge,
lasted for 3 days and had a severity level of 2 (Table 1). In this region, the mean resistance
and resilience of mangroves to freshwater and seawater floods were roughly equal (Table 1).
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Figure 10  Stability of mangroves exposed to floods in southwestern Satun, Thailand

Note: (a) and (b) represent the resistance of NDVI to freshwater and seawater floods, respectively. (c) and (d) represent
the resilience of NDVI to freshwater and seawater floods, respectively. (e) and (f) represent the percentage distribution of
each interval of resistance and resilience, respectively. General information on these floods can be found in Table 1,
Region M2.
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The mean resistance to freshwater flood was 23.01 and that to seawater flood was 29.68.
The mean resilience to freshwater flood was 3.53 and that to seawater flood was 2.15.
However, these two stability indices showed different spatial distribution patterns (Figure
10). The resistance of coastal areas to freshwater floods was lower than that of inland areas
(Figure 10a). Moreover, these areas with a lower resistance showed higher resilience com-
pared to those with higher resistance (Figure 10c). Seawater floods affected inland man-
groves along rivers, resulting in low resistance of inland mangroves (Figure 10b). A large
part of areas exposed to seawater floods showed low resilience, without clear spatial distri-
bution characteristics (Figures 10d and 10f).

4 Discussion

Freshwater floods move to the sea with the increase of runoff due to extreme precipitation,
therefore the salinity is low. The extent of flood damage depends on the runoff, the duration
of the flood, and the adaptability of mangrove species to freshwater floods. For inland man-
groves, the damage degree mainly depends on rainfall. An increase in freshwater flood in-
tensity may erode the riverbanks, and even completely remove mangroves (Figure 6) (Ad-
ams and Rajkaran, 2021). For mangroves around the coast, the damage degree is controlled
by the water level. Rising water levels caused by freshwater floods will prevent water from
sinking, and make mangroves in coastal areas suffer from prolonged water-logging condi-
tions, resulting in widespread mangrove suffocation (Figures 9 and 10). After heavy rainfall,
large amounts of fresh water will dilute mangrove groundwater, resulting in a decrease in
groundwater salinity (Lambs et al., 2015). Salinity reduction will promote the growth and
productivity of some mangrove species (Burchett et al., 1984; Drexler and Ewel, 2001).
Mangrove ecosystems tend to have higher mean resilience after the invasion of freshwater
floods (Table 1). Because of the different adaptability of species to freshwater floods, inland
mangroves may be more adaptable to freshwater hydrology conditions than coastal areas.

Seawater floods move to land under the pushing action of tsunamis or tides, therefore the
salinity is higher than for freshwater floods, and the damage to mangroves will gradually
decrease from the coast to inland, together with the decrease in intensity of the pushing ef-
fects. Seawater floods with low severity only affect coastal mangroves (Figure 7b). Seawater
floods with high severity can affect inland mangroves, although the affected areas are main-
ly distributed along rivers. (Figure 7a). Mangroves suffering from seawater floods often
have low resilience and can not recover to the normal NDVI level within one year (Figures 7
and 8). Photosynthesis and survival rates decline with increasing salinity and submergence
time (Ellison, 2000; 2010). In addition, the tsunami may wash away the sediments and slow
down the recovery of damaged mangroves (Valderrama-Landeros et al., 2019). Although
mangroves are thought to be resistant to seawater floods and protect inland areas, they can
also be damaged by flooding.

Climatic variability (e.g., changes in rainfall and in the frequency and intensity of cyclone
storms) can aggravate the factors affecting the response of mangrove forests to seawater
level, because they can affect the inflow of freshwater, the input of sediment and nutrient,
and the salinity of mangrove forests. Storm surges can inundate or even destroy mangroves,
when combined with sea-level rise. Prolonged water-logging conditions normally result in
an accumulation of soil phytotoxins such as sulfide, reduced iron and manganese, organic
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acids, and gases (Ingold and Havill, 1984; Mendelssohn and McKee, 1988). Climate change
predictions show that the intensity and frequency of seasonal ocean storms will increase,
accompanied by the increase of heat and moisture (Watinee and Netnapid, 2013; Ward ef al.,
2016; Adams and Rajkaran, 2021). Floods caused by increased precipitation, storms or rela-
tive sea-level rise may lead to decreased productivity, photosynthesis, and survival (Ellison,
2000). Evaluation of the stability of mangrove ecosystems in floods will help assess the
value of future ecosystem services and carbon sequestration of mangroves (Barr ef al., 2013;
Record et al., 2013; Wang et al., 2019).

5 Conclusions

Based on the consolidated DFO flood events database and on the sensing vegetation index
NDVI, this study analyzed the integral and spatial characteristics of the stability of man-
grove ecosystems in freshwater and seawater floods in Southeast Asia. The major conclu-
sions are drawn as follows:

(1) The flood frequency in Southeast Asia mangrove areas showed heterogeneity in spa-
tial and temporal distribution, and the occurrence of freshwater floods was more frequent
than that of seawater floods.

(2) Mangroves showed a lower resistance of NDVI, and a higher resilience of NDVI after
experiencing freshwater floods, compared to seawater floods.

(3) The resistance of mangrove NDVI to floods increased with distance from rivers,
making coastal mangroves less resistant than inland mangroves to both freshwater and sea-
water floods. These mangroves with lower resistance of NDVI showed higher resilience of
NDVI, compared to those with higher resistance of NDVI.
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