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E C O L O G Y

Shifting cyclone travel speed and its impact on global 
mangrove ecosystems
Yu Mo1,2*, Jim W. Hall2, Andrew H. Baldwin3, Marc Simard4, Ian Donohue1

Cyclones cause major damage to mangrove ecosystems globally. While this damage is projected to increase as 
storms intensify with climate change, the consequences of changes in cyclone attributes other than wind speed 
remain largely unexplored. Here, we show that shifts in cyclone travel speed may also dramatically alter the risks 
and mechanisms of damage. By developing an interpretable machine learning model trained with all cyclones 
recorded worldwide from 2001 to 2021, we find that fast-moving cyclones tend to be especially destructive on 
steeply sloping coasts, exacerbating physical damage, whereas slow-moving cyclones induce predominantly hy-
drological damage. Between 1981–2000 and 2001–2020, exposure of global mangrove ecosystems to cyclones 
increased by 13%, accompanied by substantial changes in cyclone travel speeds, with exposure to slow- and fast-
moving cyclones doubling in, respectively, the Caribbean and East Asia. Our results highlight opportunities to 
integrate regional shifts in cyclone attributes under a changing climate into mangrove management strategies.

INTRODUCTION
Mangrove ecosystems provide a multitude of vital services to hu-
manity, including food provision, climate regulation, and shoreline 
stabilization (1, 2). Their presence also confers substantial protec-
tion against cyclones to extensive tropical, subtropical, and warm 
temperate shorelines around the globe. Cyclones, however, also 
comprise a major driver of global mangrove losses (3, 4), shaping 
mangrove productivity, structures, and functions at the global lev-
el (5, 6). A thorough understanding of the complex mechanisms 
through which cyclones affect mangrove ecosystems is, therefore, 
crucial for managing and conserving these systems, particularly 
as cyclones are projected to intensify as the climate continues to 
warm (7, 8).

While mangroves are generally well adapted to cyclone distur-
bance, cyclones still account for almost half of naturally induced 
mangrove mortality globally (9). Cyclone damage typically occurs 
through two mechanisms: (i) physical damage caused by cyclone 
forces such as winds, waves, surges, and rainfall, usually observed as 
canopy destruction, uprooting, and substrate erosion; and (ii) hydro-
logical damage triggered by cyclone-induced environmental changes 
such as flooding, sediment smothering, and salinity stress, often 
manifested as diebacks (5). These processes can be complex. Surge 
inundation can, for example, shield shorter canopies from wind dam-
age (10), while cyclone-induced sediment deposition can drive sub-
stantial redistribution of nutrients within and among coastal systems 
(11–13). Cyclone disturbance also has profound impacts on man-
grove species composition and structural integrity as trees with dif-
ferent traits and conditions exhibit varying levels of vulnerability and 
follow distinct recovery pathways [e.g., (14–16)]. Thus, cyclones can 
affect mangrove systems in complex and variable ways, from the scale 
of individual trees through to community and ecosystem levels (17).

Recent remote sensing–based studies have greatly advanced our 
understanding of cyclone damage to ecosystems at large scales, 

enhancing our ability to estimate the consequences of observed and 
projected changes in global cyclone activity. For example, quantify-
ing the effects of cyclone intensity at the regional (18, 19) and global 
(20) levels has facilitated estimation of how changes in the frequen-
cy of major cyclones (that is, category 3 and above) may drive re-
gional shifts in the risk of cyclone damage to mangroves worldwide 
(8). However, the extent and mechanisms of damage may also de-
pend on cyclone attributes other than wind speed, such as cyclone 
travel speed and rainfall (21, 22), whose effects remain understudied 
at large scales and exhibit inconsistencies (see table S1 for a detailed 
overview of the literature on the topic). This comprises a critical gap 
in our understanding that hinders our ability to assess and predict 
cyclone impacts on mangroves, particularly as these attributes are 
also expected to change as the climate continues to warm (23).

To address this knowledge gap, we develop an interpretable ma-
chine learning model (Fig. 1A) to explore the importance of differ-
ent cyclone attributes in predicting cyclone damage to mangroves in 
light of ongoing climate change. Specifically, we (i) apply continuous 
satellite-based Earth observations [that is, MOD13Q and MYD13Q 
v6; (24)] to measure damage to global mangrove ecosystems (25) 
from historical cyclones that occurred over the past two decades 
[2001–2021 International Best Track Archive for Climate Steward-
ship, IBTrACS (26); category 1 and above; see Materials and Meth-
ods]. We then (ii) build a machine learning model to relate the 
measured damage to a range of cyclone attributes (including wind 
speed, travel speed, and rainfall) and coastal geomorphology, which 
can strongly modify cyclone forces (21,  27), and (iii) construct 
stochastic-based response functions to quantify the effects of the 
predictors. Last, we (iv) analyze cyclone activity over mangrove 
coastlines worldwide between 1981 and 2020 to examine ongoing 
shifts in cyclone characteristics.

RESULTS
Damage assessment
In total, 831 discrete events (that is, cyclone-cell pairs; see Materials 
and Methods) were sampled from our 21-year survey period 
(Fig. 1B and table S2). Although the Northwest Pacific basin had the 
greatest cyclone activity (32% of cyclones worldwide), mangroves in 
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the North Atlantic basin experienced the most frequent cyclone dis-
turbances (33% of the mangrove-intercepting cyclones globally and 
52% of the events that caused significant mangrove damage, 
P < 0.05; see Materials and Methods). The global average cyclone 
damage in our survey period equated to a 27 ± 12% (mean ± SD) 
decrease from the precyclone baseline in our measure of mangrove 
vegetation condition, the Enhanced Vegetation Index (EVI; see Ma-
terials and Methods). This level of damage was broadly similar 
across regions (P = 0.14; fig. S1A).

Damage modeling
We developed an ensemble machine learning model, via integrating a 
set of well-performing algorithms (table S3), to relate cyclone damage 
to six predictors, four describing cyclone attributes [that is, (local 
maximum sustained) wind speed, 5-day (average) wind speed, (cy-
clone) travel speed, and (cumulative) rainfall] and two describing 
coastal geomorphology [that is, coastal slope and distance (of the 
mangrove systems) from the shore] (table S4; see Materials and Meth-
ods). The model performed remarkably well, explaining 68% of the 
total variance in events worldwide (based on leave-one-out cross-
validation; see Materials and Methods), and its consistency across 
regions is evident in similar root mean squares (Fig. 1C). On the basis 
of the algorithms’ built-in variable importance analysis (see Materials 
and Methods), wind speed was the most important predictor, fol-
lowed by 5-day wind speed (as an indicator of total cyclone energy), 
travel speed, coastal slope, rainfall, and distance from shore (Fig. 1D).

Response functions
To gain further insights into the effects of the predictors, we simu-
lated in excess of 10,000 stochastic events—modeled events that 

preserve the probability distributions of predictors and the correla-
tions among them in the historical events (fig. S2 and table S5)—to 
construct response functions that illustrate how cyclone damage 
varies as the predictors change (Fig. 2 and fig. S3). An analysis of 
variance (ANOVA) of the predictors revealed that the effect of 
coastal slope interacts with travel speed (P = 0.001; table S6), hence, 
separate response functions were developed for coastal slope under 
different cyclone travel speed conditions.

The response functions demonstrate positive but distinct associ-
ations between wind speed, 5-day wind speed, and travel speed and 
cyclone damage. Damage increased sharply when wind speed rose 
beyond ~100 km  hour−1 (Fig.  2A) and showed a steady upward 
trend with increasing 5-day wind speed (Fig. 2B). In contrast, dam-
age increased substantially as travel speed exceeded ~25 km hour−1 
but remained relatively stable beyond 30 km hour−1 (Fig. 2C). Notably, 
coastal slope showed distinctive effects under different travel speeds: 
Damage from fast-moving cyclones (that is, cyclones with travel 
speed ≥25 km hour−1) increased on coasts with off-shore slopes in 
excess of ~0.05 m m−1 (approximately the 75% precentile of events 
in Asia and the 80% precentile in America; fig. S1F). In contrast, the 
damage from slow-moving cyclones (travel speed <25 km hour−1), 
while overall being lower than that from fast-moving cyclones, tended 
to decline as the coastal slope increased (Fig. 2D).

Changes between 1981 and 2020
To explore the impacts of ongoing changes in cyclone characteristics, 
we examined the number and attributes of cyclones passing over 
mangrove shorelines worldwide over the past four decades. At the 
global level, while the number of cyclones traversing mangrove eco-
systems remained similar from 1981–2000 to 2001–2020 (averaging 

Fig. 1. Modeling cyclone damage to mangrove ecosystems. (A) Flowchart of our modeling approach. (B) Global mangrove extent (green area), tropical cyclone tracks 
(2001–2021; purple lines), and the locations of sampling events (that is, cyclone-cell pairs; black symbols) in Africa, America, Asia, and Oceania (triangles, circles, pluses, 
and crosses, respectively). (C) Model performance as evaluated by the coefficient of determination (r2) and root mean square error (RMSE; inner panel). The values were 
computed with the leave-one-out cross-validation method (see Materials and Methods). (D) The relative importance of cyclone attributes (purple bars) and coastal geo-
morphological characteristics (blue bars) estimated by different machine learning algorithms (see Materials and Methods). Error bars represent SE.
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~23 cyclones per year, P = 0.74; table S7), cyclone exposure (that is, 
cyclone track points intersecting mangrove habitats; see Materials 
and Methods) significantly rose by ~13% (P < 0.001; Fig. 3A). The 
ratio of mild-to-strong cyclone exposure (1.16 ± 0.43, mean ± SD) 
and the ratio of slow to fast-moving cyclone exposure (5.89 ± 2.74) 
remained relatively stable over time (P = 0.82 and 0.78, respectively). 
Nevertheless, substantial differences in the rates of change were ob-
served (Fig. 3, B to E): Strong cyclone exposure increased at twice the 
rate of mild cyclones (17% compared with 9%), and fast-moving 
strong cyclone exposure increased at more than double the rate of 
slow-moving strong cyclone exposure (25% as against 11%).

Substantial shifts across basins and regions were also found 
(Fig. 4 and figs. S4 to S6). For example, East Asia emerged as the 
region facing the greatest cyclone exposure and by far the greatest 
strong cyclone exposure (Fig.  4, A and B), with exposure to fast-
moving strong cyclones doubling over the past four decades (Fig. 4C 
and fig. S6C). The Caribbean became the region facing the second-
greatest strong cyclone exposure (Fig. 4B), driven largely by a dou-
bling of exposure to slow-moving strong cyclones (Fig.  4D and 
fig. S6D). In contrast, Australasia and Southeast Asia both experi-
enced declines in exposure to all cyclone types (Fig. 4). Total cyclone 
energy (inferred from 5-day wind speed) and cyclone-induced rain-
fall also exhibited substantial regional shifts (table S8). For example, 

the North Atlantic basin experienced an 8% increase in total energy 
(P = 0.05), while East Asia and Southeast Asia saw increases of, re-
spectively, 22 and 30% in rainfall from 1981–2000 to 2001–2020 
(P = 0.003 and 0.001, respectively).

DISCUSSION
Our 21-year global study elucidates the influence of different cy-
clone attributes on the extent and mechanisms of damage to man-
grove ecosystems worldwide. The interpretable machine learning 
model, which provides detailed response functions, greatly enhanc-
es our ability to interpret the complex and interactive effects of cy-
clone attributes comparedwith more traditional machine learning 
approaches. The model forms a robust basis for exploring the conse-
quences of the observed changes in cyclone activity over mangrove 
shorelines over the past four decades, indicating substantial regional 
shifts in the risks and mechanisms of damage—an important phe-
nomenon that must be considered for effective mangrove ecosystem 
management in a changing climate.

Our observed mean reduction of ~30% from baseline EVI at the 
5-km scale is consistent with previous global assessments—e.g., 
ranging from 0 to 70% at the 30-m scale (20) and means of 5 to 20% 
at the 10-km scale (8). Our model, based on all cyclones observed 

Fig. 2. Damage to mangroves as functions of cyclone attributes and coastal geomorphological conditions. Stochastic-based response functions describing the ef-
fects of (A) wind speed, (B) 5-day wind speed, (C) travel speed, and (D) coastal slope on cyclone damage. Blue and red lines in (D) correspond, respectively, to slow- 
(travel speed <25 km hour−1) and fast-moving (travel speed ≥25 km hour−1) cyclones. The dotted lines and shaded areas represent, respectively, the means and SEs of the 
response functions. Note the larger range of the y axis in (A). See table S6 for the results of statistical analyses of the predictors. h, hours.
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worldwide over more than two decades, encompasses a substantial-
ly larger sample size with broader variation in cyclone attributes, as 
well as biotic and abiotic contexts, compared with previous regional 
(18, 19) and global (20) models. It nevertheless performed very fa-
vorably in terms of variance explained (table S1), which is likely due 
at least partially to the capacity for machine learning to handle non-
linear and interactive predictors. The response function of wind 
speed shows a substantial increase in cyclone damage to mangrove 
ecosystems when wind speed exceeded 100 km hour−1, consistent 
with findings from previous regional (18) and global (8) studies. In 
previous studies, rainfall was also found to be a positive predictor of 
cyclone damage in the North Atlantic region (18, 19) but not a sig-
nificant driver at the global scale (20). Our findings are consistent 
with the latter as rainfall’s importance as a predictor ranks fifth 
(Fig. 1D) and its response function indicates a weak effect (fig. S3A). 
Heavy rainfall can lead to prolonged flooding and associated an-
aerobic stress in mangroves (18), but it may also mitigate the surge-
induced salinity increases (28). These complex and often opposing 
effects make it difficult to generalize the impact of rainfall on man-
groves at the global scale.

Although 5-day wind speed, as expected, correlated significantly 
with both wind speed and travel speed (Spearman correlation coef-
ficients of 0.61 and −0.17, respectively, P < 0.001 in both cases; ta-
ble  S5), and all three variables were associated positively with 
cyclone damage, their response functions exhibit distinct patterns 
that offer additional insights. The more gradual relationship be-
tween total energy (inferred from 5-day wind speed) and damage 
suggests a cumulative effect, while the rapid increase in damage with 
rising wind speed and travel speed within specific ranges may reflect 
threshold effects related to the peak intensity and duration of cy-
clone forces. Moreover, our model reveals the strong influence of 

travel speed on damage mechanisms: Fast-moving cyclones caused 
higher damage on coasts with steeper slopes (>0.05 m min−1) where 
waves penetrate closer to the shore and concentrate their energy on 
the shoreline (29). This clearly suggests a prevalence of direct physi-
cal damage such as substrate erosion, peat collapse, and shoreline 
retreat (30–33). On the other hand, damage from slow-moving cy-
clones was more apparent on gently sloping coasts where higher 
surges are usually generated (34), indicating severe indirect hydro-
logical disturbances such as sediment smothering, low oxygen, and 
saline and sulfide toxicity (21, 22). These mechanisms are consistent 
with previous studies based on specific events, primarily in Florida 
in the United States [e.g., (21, 35, 36)], and help to explain distinct 
spatial patterns of damage from the two strongest cyclones passing 
Florida over the past 20 years (figs. S7 and S8).

Our finding that the number of cyclones interacting with global 
mangrove ecosystems remained relatively constant between 1981 
and 2020 aligns with previous studies showing no clear trends in 
global cyclone frequency or landfalls since 1970 (37, 38). The ob-
served increase in cyclone exposure—defined as cyclone track points 
intersecting mangrove habitats—was likely driven by a slowdown in 
cyclone travel speed (37), while the rapid increase in strong cyclone 
exposure may also reflect the observed increase in global average cy-
clone intensity (39). Our analysis, building on previous basin-level 
assessments (5, 17), provides insights into sub–basin level patterns, 
offering a more detailed representation of the high spatial variability 
in cyclone activity. For example, while supporting previous studies 
indicating high cyclone frequency in the Northwest Pacific basin 
(17), our results show an increase in cyclone frequency in East Asia 
but a decrease in Southeast Asia. These changes likely reflect the 
poleward migration of northwest Pacific cyclones (37). Although 
both contribute to the observed increase in cyclone frequency in the 

Fig. 3. Changes in exposure of global mangrove habitats to cyclones, 1981 to 2020. (A) Total cyclone frequency between the periods 1981–2000 and 2001–2020. Bars 
and error bars represent, respectively, means and SEs. Numbers on top indicate percentage changes in 2001 to 2020 relative to 1981 to 2000. (B to E) Same as (A) but for, 
respectively, (B) mild cyclones with wind speed <100 km hour−1, (C) strong cyclones with wind speed ≥100 km hour−1, (D) slow-moving cyclones with travel speed 
<25 km hour−1, and (E) fast-moving cyclones with travel speed ≥25 km hour−1.
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Fig. 4. Exposure of mangrove habitats to cyclone hazards worldwide. (A) Cyclone exposure of mangrove ecosystems worldwide in the periods 1981–2000 (x axis) and 
2001–2020 (y axis). Symbols and error bars represent means and SEs. (B to D) Same as (A) but for, respectively, (B) strong cyclones with wind speed ≥100 km hour−1, (C) 
fast-moving strong cyclones with wind speed ≥100 km hour−1 and travel speed ≥25 km hour−1, and (D) slow-moving strong cyclones with wind speed ≥100 km hour−1 
and travel speed <25 km hour−1. The underlying data for [(A) to (D)] are detailed in table S7. (E) A corresponding map summarizing changing cyclone hazard risk to 
global mangrove systems (at 1° grid).
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North Atlantic basin, the Caribbean and North America have expe-
rienced a doubling in exposure to, respectively, slow- and fast-
moving cyclones. These patterns likely reflect the slowdown of North 
Atlantic cyclones (37) and the enhanced northward wind over the 
Gulf of Mexico (40). The drivers underlying the observed shifts in 
cyclone activity are not yet fully understood, although large-scale at-
mospheric circulations (such as Hadley cells) and sea surface tem-
perature are often considered to be key players (23).

We used EVI to assess the biophysical properties [that is, canopy 
cover; (41)] of diverse mangrove ecosystems worldwide, given its 
larger dynamic range than other vegetation indices for dense vegeta-
tion (see Materials and Methods). Our results represent an average 
over a relatively large area (that is, 5 km by 5 km), and the damage at 
smaller scales could be more severe. Local cyclone damage to man-
groves can be influenced by a plethora of factors, including other 
cyclone attributes [such as surge and wave heights, (29)] and coastal 
geomorphological features [such as terrain elevation, channel net-
work, and sea level; (21, 29, 42, 43)], vegetation characteristics [such 
as canopy structures and vegetation species, (14, 44)], and human 
activities [such as artificial engineering structures; e.g., (18–20)]. 
These factors are likely to exhibit substantial spatial variation and 
should be better examined in future studies with higher spatial reso-
lution. On the other hand, large-scale processes such as watershed 
freshwater input and groundwater table may provide additional in-
sights into the hydrological resilience of coastal environments 
(45, 46). Future studies may also combine various remote sensing 
techniques to explore additional aspects of cyclone damage, for in-
stance, using radar data to assess changes in hydrology (47) and hy-
perspectral data to examine vegetation physiology (48). Investigation 
of complementary indicators of ecosystem resilience, such as recov-
ery rate and patterns (19, 20) following slow- and fast-moving cy-
clones, would further enhance our understanding of postdisturbance 
dynamics. Our interpretable machine learning model has the poten-
tial to incorporate additional response and predictor variables, mak-
ing it a powerful tool for future studies.

Overall, our results reveal that not only is cyclone exposure of 
global mangrove ecosystems increasing, but this is coupled with 
shifts in damage mechanisms and large regional variations. This has 
important implications not only for mangrove ecology (5, 6, 17, 49) 
but also for coastal biogeochemical cycles (11–13, 50, 51). The pre-
dicted poleward expansion of mangrove ecosystems in a warmer 
climate is likely to be increasingly influenced by cyclone-associated 
propagule dispersal (49), while also being mediated by other climate 
change–related processes including changes in ambient tempera-
tures (52), atmospheric CO2 (53), weather extremes (54), sea levels 
(55), ocean currents (56), and seawater density (57).

Our findings also have important implications for management. 
In regions experiencing frequent fast-moving cyclones, for example, 
prioritization should be given to protection against physical damage 
along relatively steep shorelines, such as erosion (3). The develop-
ment of living oyster reefs that can effectively reduce wave heights 
should be promoted in such locations (58), whereas engineering 
structures such as seawalls that generally result in steepened coastal 
slopes should be avoided (29). In regions facing more frequent slow-
moving cyclones, management should focus on minimizing the risk 
of surge-induced hydrological and biogeochemical damage, via, for 
example, preserving local and watershed hydrology [such as main-
taining freshwater inputs and tidal exchange, (54)] and minimizing 
human disturbance [such as dyke and road construction, (14)]. In 

terms of postcyclone restoration, replanting may be prioritized after 
fast-moving cyclones to compensate for vegetation loss due to ero-
sion, whereas drainage restoration is likely more critical after slow-
moving cyclones to alleviate hydrological disturbances and associated 
physiological stress (59–61). Future risk assessments should consider 
changes in cyclone characteristics in addition to frequency (8, 62). In 
principle, these recommendations are also applicable to other coastal 
ecosystems that have similar responses to cyclone disturbance, such 
as marshes (63). Recent studies have highlighted the immense value 
of coastal systems serving as nature-based solutions for cyclone pro-
tection (2, 64, 65). Enhancing the resilience of these ecosystems to 
cyclone activity is, therefore, crucial to promoting the resilience of 
the coastal environment as a whole. This need is of even greater im-
portance given the predicted increases in the frequency and intensity 
of extreme cyclone events (23)—and their associated risks to man-
groves (62)—as climate change accelerates.

MATERIALS AND METHODS
Tropical cyclone records
Between 1981 and 2021, IBTrACS V4 (26) recorded 1841 categories 
1–5 tropical cyclones around the world [based on the Saffir-Simpson 
Wind Scale; (66)] (Fig. 1B and table S2). Wind speeds were all con-
verted to the World Meteorological Organization standard 10-min 
average sustained wind speed [that is, wind speeds recorded in 1- or 
3-min averaging periods were multiplied by a factor of 0.88, (67)]. 
Tropical cyclone damage to mangroves was studied using tropical 
cyclones from 2001 to 2021 that had made landfalls intercepting 
mangroves (that is, within 100 km). If a tropical cyclone made mul-
tiple landfalls, each landfall was considered separately. In total, 374 
landfalls were identified from IBTrACS for inclusion in our study.

Global mangrove extent and condition
Global mangrove extent was delineated on the basis of the Global 
Mangrove Forests Distribution [GMFD, (25)] (Fig. 1B). The GMFD 
dataset was chosen because it was derived specifically from Landsat 
data and coincided with the start of our study period for tropical cy-
clone damage to mangroves (that is, 2000). Mangrove conditions were 
estimated using the complete series of Moderate Resolution Imaging 
Spectroradiometer (MODIS) EVI composite dataset [MOD13Q1 and 
MYD13Q1, (24)], which has an 8-day temporal resolution (16-day for 
each dataset) and a 250-m spatial resolution. MODIS-derived EVI has 
been demonstrated to correlate strongly with mangrove leaf area in-
dex [coefficient of determination (r2) ~ 0.7, (41)], and has been ap-
plied successfully to assess cyclone damage to mangrove canopies at 
the global scale (8, 20). Each composite is filled with data of the best 
quality during its acquisition window—specifically, for each pixel, 
cloud-free data with maximum value are selected (24)—and the high 
revisit frequency of MODIS (0.5 day) enhances the likelihood of 
capturing such high-quality data. The EVI layer was chosen over the 
Normalized Difference Vegetation Index layer in this study because 
EVI has higher sensitivity in dense vegetative areas, thanks to its in-
corporation of blue wavelengths, and is, thus, a more suitable option 
for a global study encompassing diverse ecosystems (20, 68). Satellite 
data analyses were done using the Google Earth Engine.

Quantification of cyclone damage
For each tropical cyclone landfall, the area of interest was defined as 
a curved strip, centered on the cyclone track and aligned with the 



Mo et al., Sci. Adv. 11, eadx6799 (2025)     5 December 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

7 of 10

shoreline. Each strip was set to encompass an area 0 to 100 km away 
from the track (that is, 200 km wide in total) and 0 to 30 km away 
from the shoreline [estimated using the Land Water Mask Derived 
L3 Global 250 m, MOD44W; (69)]. The size of the strip was opti-
mized to ensure capture of the full extent of the damage, as on aver-
age a category 5 cyclone will damage mangroves 50 km away from 
its track (8), and most mangrove habitats were within 10 km of the 
shoreline (>95%; fig. S1F). The strip was then divided into cells of 
5 km by 5 km because the coarsest resolution of the datasets used in 
this study is 2 km (table S4).

Within each cell, the mean EVI of all mangrove pixels was measured 
for 3 years. That is, from 1 year before the cyclone to 2 years afterward, 
and monthly means were calculated to smooth the data. We monitored 
mangrove conditions for 2 years after cyclones to ensure capture of the 
most severe damage. The measurements from the 12 months before the 
tropical cyclone were used to define the precyclone baselines. To better 
isolate cyclone damage, only cells with stable baselines (that is, with 
percentage SD ≤0.15) were subjected to further analysis. This threshold 
was selected on the basis of the phenology (that is, annual growth pat-
terns) of mangroves from different regions of the world [e.g., (41, 70–
73)] while also helping to improve the accuracy of identifying true 
mangrove habitats by excluding regions dominated by coastal vegeta-
tion with stronger seasonal signals such as marshes (70). Measurements 
significantly (one-tailed test, P <  0.05) lower than the baseline were 
taken as evidence of tropical cyclone damage. Cyclone damage to man-
groves was defined as the maximum reduction in EVI within the 2-year 
postcyclone monitoring period (74, 75).

If a cell was affected by multiple cyclones within a relatively short 
period of time, this method would attribute the impact to the first 
cyclone that caused statistically significant damage (because subse-
quent cyclones would not have been considered as affecting man-
groves with stable baselines and consequently would have been 
excluded from our analysis). This artifact is expected to have a lim-
ited impact on our results because the ratio of mangrove systems 
exposed to two or more cyclones in a given year to mangrove sys-
tems exposed to only one cyclone was very low [~6%, (8)].

Predictive modeling using ensemble machine learning
We acquired information on six predictor variables describing cy-
clone attributes and coastal geomorphology: (i) (Local maximum 
sustained) wind speed and (ii) 5-day (average) wind speed were de-
rived from the IBTrACS at-track wind speed with the Holland wind 
model. (iii) Cyclone travel speed was extracted directly from the IB-
TrACS records. (iv) (Cumulative) rainfall was measured over a 5-day 
period centered on the landing date from the Climate Hazards Group 
InfraRed Precipitation with Station Data (76)—over 99% of storms 
worldwide have a precipitation duration of 5 days or fewer (77). (v) 
Distance (of the mangrove habitats) to shore with the nearby shore-
lines estimated using the MODIS Land Water Mask maps [MOD44W, 
(69)]. (vi) Coastal slope as the average (bedrock) elevation from the 
shoreline to 5 km offshore, based on the NOAA ETOPO Global Re-
lief Model (78). Cyclone wind speed and rainfall are recognized as 
direct storm damage processes, while strong associations have been 
found between travel speed and storm surge height [e.g., (20, 79)]. 
Five-day wind speed was used to infer the total energy of cyclones. 
Both distance to shore and coastal slope might strongly modify storm 
forces (21, 27). Detailed procedures for deriving these variables are 
described in table S4. Samples with outliers in any of the variables 
were removed. All variables were log10-transformed.

To develop the ensemble model, we first tested six machine learn-
ing algorithms: gradient boosting (GBM), extreme gradient boosting 
(XGBoost), K nearest neighbor, random forest, recursive partitioning 
and regression trees (RPART), and support vector machine. The ma-
chine learning models were developed using R (packages “caret,” 
“e1071,” “xgboost,” and “rpart”), and their hyperparameters are illus-
trated in table S3. Model performance was tested using leave-one-out 
cross-validation (80), whereby each data point was predicted by a 
model built with data excluding that data point, and the generalized 
r2 (81). Predictions from the three best-performing algorithms, that 
is, GBM, XGBoost, and RPART, were combined using a linear regres-
sion to generate the ensemble model. The relative contribution of the 
predictors was evaluated using the built-in variable importance anal-
ysis of the three algorithms [which essentially measures the reduc-
tion in prediction accuracy after excluding a variable, (82, 83)].

Response functions
Each historical event has a set of observed values for the six predic-
tors, and the historical dataset as a whole contains information on 
the probability distribution of each predictor and the correlations 
among the predictors. We generated in excess of 10,000 stochastic 
events based on the historical events using a principal component 
analysis (PCA)–based stochastic optimization approach (84) and 
then derived response functions as the average predictions of all 
stochastic events. We chose this method over the partial depen-
dent plot as it preserves the correlations among predictors. In this 
approach, permutation is performed with all the predictors simul-
taneously with a PCA-based perturbation, in contrast to the one-
at-a-time permutation used in the Monte Carlo approach. As a 
result, the stochastic events preserved the (probability) distribu-
tions of the predictors and the correlations among them (fig. S2 
and table S5). The stochastic events were then smoothed with the 
R Local Polynomial Regression Fitting (LOESS) package with a de-
gree of 0 and a span of 0.5.

Cyclone activity changes between 1981 and 2020
The IBTrACS data recorded cyclone track points at a 6-hour inter-
val. Cyclone frequency traversing mangrove shorelines was estimat-
ed with cyclones that had at least one track point intersecting 
mangrove ecosystems at 1° resolution. Cyclone exposure was de-
fined as track points intersecting mangrove habitats. Note that one 
cyclone may have multiple track points intersecting mangrove habi-
tats. Cyclone-induced rainfall was estimated within a 5-km radius of 
the landfall track point over a 5-day period centered on the landfall 
date. To assess changes in cyclone activity between the periods 
1981–2000 and 2001–2020, we used Poisson tests to evaluate differ-
ences in cyclone exposure and chi-squared tests to compare ratios 
of exposure to mild versus strong cyclones (wind speed < and ≥ 
100 km hour−1, respectively) and to slow- versus fast-moving cy-
clones (travel speed < and ≥ 25 km hour−1, respectively). Nonpara-
metric Wilcoxon tests were applied to compare the 5-day wind speed 
and rainfall distributions between the two periods.

Supplementary Materials
This PDF file includes:
Figs. S1 to S8
Tables S1 to S8
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