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Abstract Mangrove forests act as effective natural barriers against tropical storms. However, little
information is available on the resilience of mangrove forests against hurricane impacts. Here we quantify the
response of Florida mangroves to hurricane forcing. We found that the mangrove area in South Florida
experienced four sharp declines over the past thirty years, with a slow recovery trend observed after each
decline. The loss of mangroves displayed an exponential decrease from the ocean to the upland during tropical
cyclones, while the vegetation fringe underwent seaward extensions in fair‐weather periods. Hurricanes of
category three or higher were responsible for the sharp declines in mangroves, while sea‐level rise was not
related to vegetation loss. We project that mangroves loss in Florida mangrove can total 533 km2 by 2050 and
1,956 km2 by 2100, driven by an increase in frequency and intensity of tropical cyclones.

Plain Language Summary Mangroves provide flood defense valued at approximately 65 billion
USD annually. The effectiveness of mangroves in Asia, Africa, and North America in mitigating typhoons and
large waves is widely recognized globally. However, global mangrove forests have been declining due to the
multiple threats of human activities, sea‐level rise, and increasing storm surges. Here, we found that between
1986 and 2022, the Everglades mangroves in Florida experienced a net loss of 547.3 km2, with a total loss of
645.1 km2 and a gain of 97.8 km2. Over the period from 1986 to 2022, the vegetation fringe remained largely
unchanged in non‐hurricane years, with hurricane incursions being the primary cause of the landward retreat.
Moreover, hurricanes cause an exponential decrease in mangroves loss from south to north, with category three
or higher storms being the main drivers of mangroves loss. Sea‐level rise did not significantly contribute to
mangrove deterioration. Projections suggest that, with the forecasted increase in hurricane frequency,
mangroves could loss 533 km2 by 2050 and 1956 km2 by 2100.

1. Introduction
Mangrove forests grow in the intertidal zone and are among the most biomass‐rich coastal ecosystems (Atwood
et al., 2017; Hamilton & Casey, 2016; Kauffman et al., 2011; Swales et al., 2015). Mangroves play a vital role in
carbon sequestration, coastal stabilization, and sediment trapping (Hochard et al., 2019; Jerath et al., 2016). The
dense canopy of mangroves effectively withstands the impact of winds and waves during tropical cyclones
(Alongi, 2008). As a result, mangroves provide flood defense valued at approximately 65 billion USD annually
(Menendez et al., 2020). Mangroves in Florida, USA, protect communities from hurricanes, with economic
benefits. The effectiveness of mangroves in Asia, Africa, and North America in mitigating typhoons and large
waves is widely recognized globally (Menendez et al., 2020).

A 100 m stretch of mangrove forest can reduce waves by at least 50% (Smith et al., 2016), highlighting the natural
ability of mangrove canopies to defend against storm surges (Garzon et al., 2019; Zhou et al., 2022). However,
under the multiple threats of human activities, sea‐level rise, and increasing storm surges (Alongi, 2008; Chavez
et al., 2023; Friess et al., 2019), global mangrove forests have been declining at a rate of 1% to 2% per year since
the latter half of the 20th century (Alongi, 2015). This has directly resulted in the narrowing or disappearance of
mangrove forest fringes, significantly reducing their capacity to withstand increasingly intense storm surges.
When the mangrove fringe is too narrow or the hurricane's waves too large, mangroves can be damaged, leading
to reduced resilience against tropical cyclones and causing flooding in the nearby cities. This is common in
Southeast Asia, where tropical cyclones frequently make landfall and mangroves are prevalent (Ahamed &
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Bolten, 2017; Giri et al., 2015). However, data on the total mangrove areas damaged by tropical cyclones remains
limited.

Sea‐level rise and more frequent storms threaten mangroves and might cause large‐scale diebacks, placing many
coastal cities around the world at risk. Recent research has focused on the flooding and economic losses of cities
hit by tropical cyclones (Brown et al., 2021; Gao et al., 2020; Liu et al., 2023; Wu et al., 2024), but there is no
holistic examination on mangroves damage, and their natural recovery after the dieback. Given the limited
research on the negative impacts of tropical cyclones on mangroves, there is a risk of overestimating the long‐term
protection these ecosystems provide to shorelines. Therefore, it is essential to quantify the loss of mangroves
caused by tropical cyclones and their subsequent recovery.

Hurricanes are extreme climate events prevalent in the United States, causing severe coastal disasters that impact
the economy and result in significant loss of life (Czajkowski et al., 2011; Menendez et al., 2020). The fringe
mangroves in the Everglades, Florida, are located in the western part of the Atlantic Basin tropical cyclone zone,
and play a significant role in mitigating wind and storm surges (Zhu et al., 2021). Previous studies have shown
that hurricanes in this area trigger mangroves dieback (Lagomasino et al., 2021), and the structural damage to
mangroves in 2017 was due to Hurricane Irma's impact (Han et al., 2018; Lagomasino et al., 2021; Radabaugh
et al., 2019). Although former have improved understanding of the effects of hurricanes on mangroves, there is
limited reporting on how mangroves recover after storms and how mangrove fringe advance or retreat.

In this study, we used all available Landsat images to extract the distribution of mangroves in the Florida Ev-
erglades from 1986 to 2022. Using machine learning algorithms, we investigated the quantitative relationship
between mangrove loss and recovery after a hurricane impact. Our main goal is to detect how hurricanes and sea‐
level rise affect mangroves in this protected area, in order to reveal their recovery and resilience, and provide
critical data sets for global restoration.

The Everglades National Park (hereinafter referred to as the Everglades) is located at the tip of the Florida
Peninsula on the eastern coast of the Gulf of Mexico (Figure 1a) and hosts the largest mangroves forest in North
America (Castañeda‐Moya et al., 2013). The forest is dominated by Rhizophora mangle, Avicennia germinans
(L.), and Laguncularia racemosa (Stevens et al., 2006), and experiences a small tidal range of about 1–1.7 m
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Figure 1. Location of the study area (a. Hurricane tracks in Florida; b: Study area, distribution of training data set in 2022, and
baseline setting for DSAS; c: Variation of mangroves area in time).
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(Stumpf & Haines, 1998). The waves are predominantly wind‐generated, with an average height ranging from 0.2
to 0.5 m, however, under the influence of hurricanes, wave heights can reach up to 5 m (Smith et al., 2009). The
study area is frequently affected by hurricanes that land in the Florida region due to atmospheric circulation and
ocean thermal conditions, triggering frequent hurricanes (Figure 1a). According to geomorphological charac-
teristics and the common landfall paths of hurricanes, we divide the study area into three parts: West Part (WP),
Center Part (CP), and EP (East Part) (Figure 1b). The WP coast is primarily composed of sand, with numerous
residential areas located inland from the mangroves. The CP coast is muddy and features extensive mangrove
forests. The southernmost tip of Florida is located in CP and often serves as the frontline for direct hurricane
impacts. In contrast, the EP coast has sparse mangroves, primarily the short L. racemosa, distributed along the bay
side of elongated islands such as Key Largo and Tavernier (Clarke & Dalrymple, 2003). The division of study
area is conducive to a targeted discussion on variation characteristics of mangroves in different regions and the
corresponding dominant mechanisms.

2. Materials and Methods
2.1. Materials

USGS Landsat images from 1986 to 2022 were analyzed with GEE (Google Earth Engine) in this study. Hur-
ricane data for Florida were derived from the National Centers for Environmental Information (https://www.ncei.
noaa.gov/data/international‐best‐track‐archive‐for‐climate‐stewardship‐ibtracs/v04r00/access/shapefile/),
encompassing global tropical cyclones records from 1980 to the present, along with wind field data from the
European Center for Medium‐Range Weather Forecasts (https://www.ecmwf.int/en/forecasts/dataset/ecmwf‐
reanalysis‐v5). The upper boundary of the research area was delineated based on the Estuarine and Marine
Wetland land cover from the National Wetland Inventory surface waters and wetlands (https://fwsprimary.wim.
usgs.gov/wetlands/apps/wetlands‐mapper/), with a mask area extended seaward (Figure 1b). All hurricane data
passing through the research area from 1986 to 2022 were collected and analyzed, encompassing tracks, wind
speeds, air pressure, and timing, to assess the hurricanes' impact on the regional mangroves. Rainfall data within
the masked research area were derived from the CHIRPS data set, a quasi‐global rainfall data set spanning over
30 years, which integrates 0.05° resolution satellite imagery with in situ station data to generate gridded rainfall
time series for trend analysis and seasonal drought monitoring. Sea‐level data were derived from the annual
average sea‐level data of the Permanent Service for Mean Sea Level (PSMSL) data set at the Naples NOAA tide
gauge station 8,725,110 (https://psmsl.org/data/obtaining/map.html), to evaluate the trend of regional sea‐level
rise.

2.2. Mangrove Area Extraction

In this paper, the CCDC algorithm and machine learning were used on the GEE platform to load and operate all
available Landsat images from 1986 to 2022, extracting the spatial distribution of mangroves within the research
area. CCDC is an algorithm developed to monitor changes in land cover or land use using dense time series of
satellite imagery. Its core lies in analyzing the change patterns of each pixel over time to identify and classify
different types of land cover variations (Z. Zhu and Woodcock, 2014). This study set up four types of land cover:
mangroves, water, bare soil, and other, and derived a set of sample data sets every 5 years (1986, 1991, 1996,
2001, 2006, 2011, 2016, 2021), with approximately 300 sample points evenly distributed within the research area
(Figure 1b). All sample points were then aggregated into one sample point data set, loaded into the CCDC al-
gorithm for training. More details are presented in Figure S1 in Supporting Information S1.

The resolution of Landsat images is 30 m, which may fail to capture the detailed changes of fine‐scale mangroves.
Therefore, regions with different crown widths and tree ages and exhibit relatively significant changes are
selected as verification sample to verify the accuracy of CCDC algorithm. Specifically, the spatial distribution
and area of mangroves in the sample area from 2016 to 2022 were extracted by random forest method on the basis
of Sentinel‐2 image data that has higher 10 m resolution, which were then compared with the information
extracted by CCDC. The results showed that Sentinel‐2 image indeed show more detailed information on
mangroves than Landsat and the area of mangroves is generally higher, but the deviation is less than 2% (Table S1
in Supporting Information S1). Therefore, in spite of a certain error in mangrove forest extraction using Landsat
images, it is still within an acceptable error range since the study area covers almost 7,000 km2, thus can generally
reflect the variation tendency of mangrove area.
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2.3. Mangrove Fringe Analysis

Through the CCDC algorithm, the land cover data for each year were extracted and exported to ArcGIS, where the
calculation of mangrove area and the extraction of mangrove fringe were completed. With the help of the DSAS
method proposed by NASA (Thieler et al., 2009), the trend of change in the mangrove fringe was analyzed. The
baseline of DSASwas set along the seaward edge of the mangroves (Figure 1b), and the interval between transects
was 100 m. By calculating Net Shoreline Movement, End Point Rate and other parameters, the variations in time
of the mangroves boundary were analyzed. The extension area of the mangroves were quantified using the follow
formula:

S =∫
X

1
l(x) d(x) (1)

where S is area, X is the number of the transect, l(x) is the relative distance between the end points, and d(x) is the
interval between each transect (100 m in this study).

3. Results
3.1. Temporal Variation of Mangrove Area

From 1986 to 2022, the area of Everglades mangroves exhibited a decline occurring in stages, with the total area
reducing from 6,793.5 km2 in 1986 to 6,246.2 km2 in 2022, with a cumulative loss of 547.3 km2 (Figure 1c). From
1986 to 1989, the mangroves remained relatively stable at 6,793 km2. Afterward, periods of increase and decrease
were observed in 1990, 1993, 2006, and 2018. Specifically, the area of mangroves experienced a sharp decline of
212.1 km2 from 1989 to 1990, followed by a period of stability from 1990 to 1992, and then a decrease of
113.8 km2 from 1992 to 1993. From 1993 to 2005, there was a gradual increase at a rate of 6.2 km/year,
amounting to a total increase of only 70.1 km2. A minor decrease of 21.9 km2 occurred from 2005 to 2006,
followed by a slow recovery from 2006 to 2017, returning to the levels seen between 1993 and 2005. In 2017–
2018, there was a significant sharp decline, with the area of mangroves reducing by as much as 327.2 km2. From
2018 to 2022, a recovery trend was observed, with an annual growth rate of approximately 12.9 km2, and a total
increase of 52.3 km2. Overall, the mangroves area in the Florida Everglades displayed a general contraction over a
40‐year period, with occasional increases that were significantly smaller in magnitude compared to losses. Aside
from a minor loss between 2005 and 2006, three notable sharp declines were observed throughout the study
period.

3.2. Spatial Variations of Mangrove Area

From 1986 to 2022, the area of Everglades mangroves decreased by 547.3 km2, with a loss of 645.1 km2 and an
increase of 97.8 km2. Loss and recovery were spatially organized (Figure 2a). In latitude, the mangrove loss
increased exponentially from North to South, starting from 2.11 km2 per 1 km, to a maximum loss of 124.8 km2 at
the southernmost end (Figure 2b). Local large‐scale loss of about 130 km2 was also present in the open CP coast.
Locations were mangroves expanded were mainly distributed inland, far from the coastline (Figure 2a). The
amount of mangrove expansion did not vary significantly in latitude, but was related to the general loss, with
degraded areas displaying a larger expansion (Figure 2b). Furthermore, in the years of sharp decline, 1989–1990,
the areas experiencing loss were relatively scattered, appearing as sporadic dieback zones, and occurred mainly in
areas at higher elevations far from the coastline (Figure 2c, Figure S3a in Supporting Information S1). In 1992–
1993, the areas experiencing loss were concentrated in the open central part of CP (Figure 2d, Figure S3b in
Supporting Information S1), and in 2005–2006, they mainly occurred in the southern part of CP (Figure 2e, Figure
S3c in Supporting Information S1). During 2017–2018, locations experiencing loss were even more extensive,
almost covering the entire research area, with the largest dieback patches in the southern and central parts of CP
(Figure 2f, Figure S3d in Supporting Information S1). Taken together, the spatial changes in the research area's
mangroves were significantly different, with the central and southern parts experiencing greater losses. During the
periods of sharp decline, the loss areas in 1989–1990 were scattered and far from the shore, while in 1992–1993,
2005–2006, and 2017–2018, the loss patches were larger and more distributed near the coastline.
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3.3. Change of Mangrove Forest Shorelines

By analyzing 1,645 sections (Figure 3a), it was found that the overall man-
groves shoreline retreated landward by 4.98 km2 from 1986 to 2022, with an
average erosion rate of about − 0.90 m/yr, and a maximum erosion rate of
− 13.4 m/yr (Figure 3b). Limited seaward expansion only occurred in the
southern protruding part of CP from Transect 1,100 to Transect 1,645, with an
average expansion rate of 0.16 m/yr and the maximum expansion rate of
12.3 m/yr, yielding a total expansion of about 0.65 km2. From 1989 to 1990,
the mangrove fringe hardly changed (Figure 3c); from 1992 to 1993, sig-
nificant erosion occurred near Naples (Transect 80–200) and in the CP area
(Transect 550–1,000), with a maximum erosion of 352 m (Figure 3d), and a
total eroded area of about 0.7 km2. From 1993 to 2005, a larger area near
Naples continued to erode, while in the central area (Transect 550–1,000), we
detected seaward expansion, with a rate of 15 m/yr (Figure 3e). From 2005 to
2006, a larger area experienced erosion ‐from Transect 100 to Transect 1,400‐
with the maximum retreat distance reaching 403 m (Figure 3f). From 2006 to
2017, the mangroves in the research area still showed a certain degree of
landward erosion between Transect 100 and Transect 1,300, but there was
also expansion between Transect 900 and Transect 1,645 (Figure 3g). During
2017–2018, the mangroves in the research area experienced intense erosion,
with the most intense degradation between Transect 100 and Transect 400 and
between Transect 1,100 and Transect 1,550, with the maximum erosion
distance reaching 966 m (Figure 3h), and an eroded area of about 3.4 km2.
From 2018 to 2022, the erosion weakened, and continuous seaward pro-
gradation was present between Transect 1,100 and Transect 1,550, with a
maximum rate of advance 109.2 m/yr (Figure 3i).

4. Discussion
4.1. Impact of Hurricanes

Hurricane landfalls can inflict substantial damage to mangroves, leading to
the collapse and die‐off of large forest areas (Chavez et al., 2023; Lagomasino et al., 2021). We identified all
hurricanes that made landfall in the study area from 1986 to 2022, analyzing their tracks and intensities. Our
analysis revealed that 14 hurricanes affected the study area during this period (Table S2 in Supporting Infor-
mation S1), including Hurricane Andrew in 1992, which was a category 5 storm at landfall (Figure S4a in
Supporting Information S1). In 2005, Hurricanes Katrina and Wilma impacted the area, with Wilma's landfall
wind speeds reaching category 3 levels (Figure S4b in Supporting Information S1). The most severe storm was
Hurricane Irma in 2017, the strongest in the past 80 years, with category 5 intensity at landfall, causing extensive
damage to Florida (Figure S4c in Supporting Information S1). Additionally, several weaker hurricanes, including
Floyd (1987), Fay (2008), Bonnie (2018), and Sally (2020), made landfall in the study area (Figure S4d, Table S2
in Supporting Information S1). Concurrently, we observed a significant decrease of 212.1 km2 in mangroves
cover during the hurricane‐free period of 1989–1990, with scattered dieback patches, predominantly in higher
elevation regions (Figure S3a in Supporting Information S1), possibly due to extreme drought conditions. This is
attributed to the lowest annual precipitation recorded in the study area in 1989, at only 17.6 × 104 mm, compared
to the multi‐year average of 21.9 × 104 mm (Figure S5 in Supporting Information S1). Generally, increased
annual rainfall fosters the expansion of mangroves (Alongi, 2015), while excessive drought can result in
mangrove mortality (Osland et al., 2018).

Years with sharp mangroves decline correspond to years when hurricanes landed in the research area, indicating
that tropical cyclones are the main cause of loss. Hurricane Andrew in 1992 affected a large area in the lower part
of the Florida Peninsula and caused trees to shed leaves, ultimately leading to widespread dieback (Thomas W.
Doyle et al., 1995), with a loss of about 113.8 km2 of mangroves. During the period of 2005–2006, the mangroves
area decreased by about 21.9 km2. The two hurricanes Katrina (2005–08) and Wilma (2005–10), which passed
through the research area, caused damage despite being relatively weak. Irma was one of the top five strongest

Figure 2. Spatial distribution of mangrove gains and losses from 1986 to
2022.
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hurricanes in the Atlantic in the past 80 years. Its wind field severely damaged the mangroves in the research area,
with about 327.2 km2 of forest being destroyed. In addition, several other hurricanes landed in the research area,
but did not trigger mangroves loss, indicating that not all tropical storms cause damage.Mangroves showed a slow
recovery after hurricane, with its area increasing by 52.3 km2 from 2018 to 2022, which can be attributed to the
landward moving of sediment induced by hurricane. Mangrove captures the suspended sediment through its root
system, thus enhance the tidal flat elevation and providing implantation space for mangrove propagules.

During a hurricane landfall, the wind speed shows a significant exponential decay with distance from the shore
(Kaplan & DeMaria, 1995; Powell & Houston, 1996), and mangrove loss also displays a similar decay
(Figure 3b). Taking Irma as an example, we computed the cumulative amount of wind speed (sumi) at the latitude
of the research area during the hurricane passage (2017.9.9–2017.9.12) (Figure S6 in Supporting Information S1).
A significant exponential relationship between cumulative wind speed and mangrove loss was found (Figure 4a).
We also found a significant exponential relationship between the intensity of the hurricanes that landed in the
research area and the area of mangrove damage (Figure 4b). In addition, the southern protruding part of CP bears
the impact of the hurricane first, hence the loss of mangroves there is the greatest. The wind speed decays

Figure 3. Mangrove fringe change during the period 1986–2022.
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exponentially with distance from the shore after the hurricane lands, and the area of damaged mangroves also
decreases exponentially.

Although mangroves are known as “sea guards” and provide wind protection and wave blocking, their bearing
capacity is limited. They can withstand weaker hurricanes well, but when the intensity of the hurricane reaches
level 3 and above, they will find it difficult to survive undamaged. With an increase in the intensity of the
hurricane, the area of damaged mangroves also increases exponentially (Figure 4b).

4.2. Impact of Sea‐Level Rise

Global sea level is rising driven by global warming, and it has an impact on the growth and survival of mangroves
(Xiong et al., 2024; Yang et al., 2023). Data from the Naples tide gauge station NOAA 8725110 show that sea
level in the research area has been rising at a rate of 5.3 mm per year since 1986 (Figure S7 in Supporting In-
formation S1). Through DSAS analysis, it was found that the mangrove fringe has retreated between 1986 and
2022 with an average rate of 0.9 m/year. However, among the 1,645 sections, 938 (57%) had a progradation rate
greater than or equal to 0. Prograding sections reached 95% in the non‐hurricane period of 2006–2017, with only
74 sections retreating (Figure 3g). In addition, it was found that from 1986 to 2022 the mangroves in the research
area retreated landward by a total of 4.98 km2. During periods with strong hurricane impact in 1992–1993 and
2017–2018, the mangroves in the area retreated landward by 0.7 and 3.4 km2, respectively, accounting for 82% of
the total erosion area from 1986 to 2022. Therefore, hurricanes are the primary cause of mangrove retreat,
suggesting that sea‐level rise has had minimal impact in this pristine area with little human activity. Inputs of
fluvial sediments are absent, indicating that mangroves capture sediment from the ocean to prograde and accrete
thus offsetting sea level rise. We used the Sediment Elevation Change (SET Method) data set from Northeastern
Florida Bay (FCE) from 1996 to the present (https://fce‐lter.fiu.edu/data/core/metadata/?packageid=knb‐lter‐fce.
1214.6) to extract data from six observation points in southern Everglades (Figure S8a in Supporting Informa-
tion S1). The analysis revealed that the surface elevation generally showed a slow accretion trend from 2000 to
2017 (Figure S8b in Supporting Information S1). This further suggests that sea level rise has not had a significant
impact on this region.

4.3. Prospective

Mangrove forests mainly grow on tidal flats in the tropical zone. The rise in sea level threatens their seaward edge,
forcing them to retreat landward (Meeder & Parkinson, 2018; Wdowinski et al., 2016). Coastal development, in
particular aquaculture, also pose threats to mangrove growth as∼26.7% of global mangroves loss is caused by the
conversion of mangroves to aquaculture (FAO, 2023; Kirwan & Megonigal, 2013; Lin & Yu, 2018). Our study
area locates in the Everglades National Park, which is the first national park aiming at protect the fragile
ecosystem in the United States, thus coastal development and human activities such as aquaculture are controlled
strictly. Therefore, the influence of human activities on mangrove forests as well as the hurricane vulnerability in

Figure 4. Correlation between wind speed and lost mangroves area. (a) Correlation between spatial loss and cumulative wind
speed for different latitudes after Hurricane Irma. (b) Loss of mangrove area for different hurricane intensities.
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the study area is relatively limited. Our research results show that, during periods with weak tropical cyclones
(1992–2005, 2006–2017, and 2018–2022) the total area of mangroves slowly increased (Figure 1c). Moreover,
mangrove expanded mainly in areas previously damaged or where the shoreline had retreated. After a distur-
bance, mangroves expanded in the following years, indicating slow recovery (Alongi, 2008). However, the re-
covery rate is far less than the scale of destruction by hurricanes. If the frequency of tropical cyclones increases,
mangroves survival will be jeopardized.

Previous work indicated that for every 0.56°C increase in sea surface temperature, the frequency and activity of
hurricanes increases by 40% (Saunders & Lea, 2008). According to predictions based on CMIP6 (Coupled Model
Intercomparison Project Phase 6), under the SSP1‐2.6, SSP2‐4.5, and SSP3‐7.0 scenarios, the global surface
temperature may rise by about 1.97°C, 2.18°C, and 2.32°C by 2,050, and by 2.04°C, 3.18°C, and 4.56°C by 2,100
(Figure S9a in Supporting Information S1) (Scafetta, 2024). Two hurricanes of level 3 or above hit the mangroves
in the past 30 years, yielding an average annual loss of about 14.7 km2. Based on Saunders' findings, we con-
structed a set of equations relating mangrove loss to changes in global temperature (Formula 2).

Rateloss =
∆T
0.56

× 0.4 × 14.7 + 14.7 (2)

where Rateloss is loss rate of mangrove, ∆T is the difference from the temperature of 2022.

We project a reduction in mangroves area in the Everglades of 510, 533, and 535 km2 by 2050 and 1,560, 1,956,
and 2290 km2 by 2100 for the three scenarios, respectively (Figure S9b in Supporting Information S1). The
reduced mangroves area by 2,100 for the three scenarios respectively accounts for 24.9%, 31.3%, and 36.6% of the
total mangroves area in 2022 (Figure S9c in Supporting Information S1). The wort‐hit areas during 1987–2022
are mainly located in the southernmost Florida and the middle‐upper CP that are vulnerable to hurricanes
(Figure 2a). This can be explained by the cyclones from the Atlantic Ocean, which moves west and goes through
above areas firstly by hitting the front, these areas therefore are recommended to have priority when construct
protection measures.

5. Conclusions
Mangrove forests provide valuable protection against tropical cyclones, which are becoming increasingly
frequent because of global warming. We found that between 1986 and 2022, the Everglades mangroves expe-
rienced a net loss of 547.3 km2, with a total loss of 645.1 km2 and a gain of 97.8 km2. Over the period from 1986 to
2022, the mangrove fringe retreated landward by 4.98 km2, with an average erosion rate of approximately
− 0.90 m/yr and a maximum erosion rate of − 13.4 m/yr. The mangrove fringe remained largely unchanged in
non‐hurricane years, with hurricane incursions being the primary cause of the landward retreat. Moreover,
hurricanes cause an exponential decrease in mangroves loss from south to north, with category three or higher
storms being the main drivers of mangroves loss. Sea‐level rise did not significantly contribute to mangrove
deterioration. Projections suggest that, with the forecasted increase in hurricane frequency, mangroves could loss
533 km2 by 2050 and 1,956 km2 by 2100.

Data Availability Statement
Hurricane data for Florida were derived from the National Centers for Environmental Information (https://www.
ncei.noaa.gov/data/international‐best‐track‐archive‐for‐climate‐stewardship‐ibtracs/v04r00/access/shapefile/).
Rainfall data were derived from the CHIRPS data set (https://www.chc.ucsb.edu/data/chirps). Sea‐level data
were derived from the annual average sea‐level data of the PSMSL data set at the Naples NOAA tide gauge station
8725110 (https://psmsl.org/data/obtaining/map.html).

References
Ahamed, A., & Bolten, J. D. (2017). A MODIS‐based automated flood monitoring system for Southeast Asia. International Journal of Applied

Earth Observation and Geoinformation, 61, 104–117. https://doi.org/10.1016/j.jag.2017.05.006
Alongi, D. M. (2008). Mangrove forests: Resilience, protection from tsunamis, and responses to global climate change. Estuarine, Coastal and

Shelf Science, 76(1), 1–13. https://doi.org/10.1016/j.ecss.2007.08.024
Alongi, D. M. (2015). The impact of climate change on mangrove forests. Current Climate Change Reports, 1(1), 30–39. https://doi.org/10.1007/

s40641‐015‐0002‐x

Acknowledgments
This study was financially supported by
the National Key R&D Program of China
(2023YFE0121200), the National Natural
Science Key Foundation of China
(41930537), Shanghai International
Science and Technology Cooperation
Fund Project (23230713800), the Marine
Science Program for Guangxi First‐Class
Discipline, Beibu Gulf University, and the
Funds for Ministry of Science and
Technology of China (SKLEC). S.F. was
partly funded by the USANational Science
Foundation awards 2224608 (PIE LTER)
and 1832221 (VCR LTER). Thanks to Dan
Pu for the partly English editing work on
the preliminary text of this article.

Geophysical Research Letters 10.1029/2025GL115692

LIANG ET AL. 8 of 10

 19448007, 2025, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025G

L
115692 by Z

hijun D
ai - E

ast C
hina N

orm
al U

niversity , W
iley O

nline L
ibrary on [06/05/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.ncei.noaa.gov/data/international-best-track-archive-for-climate-stewardship-ibtracs/v04r00/access/shapefile/
https://www.ncei.noaa.gov/data/international-best-track-archive-for-climate-stewardship-ibtracs/v04r00/access/shapefile/
https://www.chc.ucsb.edu/data/chirps
https://psmsl.org/data/obtaining/map.html
https://doi.org/10.1016/j.jag.2017.05.006
https://doi.org/10.1016/j.ecss.2007.08.024
https://doi.org/10.1007/s40641-015-0002-x
https://doi.org/10.1007/s40641-015-0002-x


Atwood, T. B., Connolly, R. M., Almahasheer, H., Carnell, P. E., Duarte, C. M., Ewers Lewis, C. J., et al. (2017). Global patterns in mangrove soil
carbon stocks and losses. Nature Climate Change, 7(7), 523–528. https://doi.org/10.1038/nclimate3326

Brown, C. E., Alvarez, S., Eluru, N., & Huang, A. (2021). The economic impacts of tropical cyclones on a mature destination, Florida, USA.
Journal of Destination Marketing and Management, 20, 100562. https://doi.org/10.1016/j.jdmm.2021.100562

Castañeda‐Moya, E., Twilley, R. R., & Rivera‐Monroy, V. H. (2013). Allocation of biomass and net primary productivity of mangrove forests
along environmental gradients in the Florida Coastal Everglades, USA. Forest Ecology and Management, 307, 226–241. https://doi.org/10.
1016/j.foreco.2013.07.011

Chavez, S., Wdowinski, S., Lagomasino, D., Castañeda‐Moya, E., Fatoyinbo, T., Moyer, R. P., & Smoak, J. M. (2023). Estimating structural
damage to mangrove forests using airborne Lidar imagery: Case study of damage induced by the 2017 hurricane Irma to mangroves in the
Florida Everglades, USA. Sensors, 23(15), 6669. https://doi.org/10.3390/s23156669

Clarke, A. L., & Dalrymple, G. H. (2003). Population and Environment. (Vol. 24(6), pp. 541–569). https://doi.org/10.1023/a:1025030832054
Czajkowski, J., Simmons, K., & Sutter, D. (2011). An analysis of coastal and inland fatalities in landfalling US hurricanes. Natural Hazards,

59(3), 1513–1531. https://doi.org/10.1007/s11069‐011‐9849‐x
Doyle, T. W., III, T. J. S., & Robblee, M. B. (1995). Wind damage effects of hurricane Andrew on mangrove communities along the Southwest

coast of Florida, USA (pp. 159–168).
FAO. (2023). The world’s mangroves 2000–2020. Retrieved from https://openknowledge.fao.org/items/477d2ce2‐8009‐4a8b‐96c4‐

2965595b423e
Friess, D. A., Rogers, K., Lovelock, C. E., Krauss, K.W., Hamilton, S. E., Lee, S. Y., et al. (2019). The state of theWorld's mangrove forests: Past,

present, and future. Annual Review of Environment and Resources, 44(1), 89–115. https://doi.org/10.1146/annurev‐environ‐101718‐033302
Gao, Z., Wan, R., Ye, Q., Fan,W., Guo, S., Ulgiati, S., & Dong, X. (2020). Typhoon disaster risk assessment based on emergy theory: A case study

of Zhuhai city, Guangdong Province, China. Sustainability, 12(10), 4212. https://doi.org/10.3390/su12104212
Garzon, J. L., Maza, M., Ferreira, C. M., Lara, J. L., & Losada, I. J. (2019). Wave attenuation by Spartina Saltmarshes in the Chesapeake bay under

storm surge conditions. Journal of Geophysical Research: Oceans, 124(7), 5220–5243. https://doi.org/10.1029/2018jc014865
Giri, C., Long, J., Abbas, S., Murali, R., Qamer, F. M., Pengra, B., & Thau, D. (2015). Distribution and dynamics of mangrove forests of South

Asia. Journal of Environmental Management, 148, 101–111. https://doi.org/10.1016/j.jenvman.2014.01.020
Hamilton, S. E., & Casey, D. (2016). Creation of a high spatio‐temporal resolution global database of continuous mangrove forest cover for the

21st century (CGMFC‐21). Global Ecology and Biogeography, 25(6), 729–738. https://doi.org/10.1111/geb.12449
Han, X., Feng, L., Hu, C., &Kramer, P. (2018). Hurricane‐induced changes in the Everglades national park mangrove forest: Landsat observations

between 1985 and 2017. Journal of Geophysical Research: Biogeosciences, 123(11), 3470–3488. https://doi.org/10.1029/2018jg004501
Hochard, J. P., Hamilton, S., & Barbier, E. B. (2019). Mangroves shelter coastal economic activity from cyclones. Proceedings of the National

Academy of Sciences, 116(25), 12232–12237. https://doi.org/10.1073/pnas.1820067116
Jerath, M., Bhat, M., Rivera‐Monroy, V. H., Castañeda‐Moya, E., Simard, M., & Twilley, R. R. (2016). The role of economic, policy, and

ecological factors in estimating the value of carbon stocks in Everglades mangrove forests, South Florida, USA. Environmental Science and
Policy, 66, 160–169. https://doi.org/10.1016/j.envsci.2016.09.005

Kaplan, J., & DeMaria, M. (1995). A simple empirical model for predicting the decay of tropical cyclone winds after landfall. Journal of Applied
Meteorology, 34(11), 2499–2512. https://doi.org/10.1175/1520‐0450(1995)034<2499:Asemfp>2.0.Co;2

Kauffman, J. B., Heider, C., Cole, T. G., Dwire, K. A., & Donato, D. C. (2011). Ecosystem carbon stocks of Micronesian mangrove forests.
Wetlands, 31(2), 343–352. https://doi.org/10.1007/s13157‐011‐0148‐9

Kirwan, M. L., & Megonigal, J. P. (2013). Tidal wetland stability in the face of human impacts and sea‐level rise. Nature, 504(7478), 53–60.
https://doi.org/10.1038/nature12856

Lagomasino, D., Fatoyinbo, T., Castaneda‐Moya, E., Cook, B. D., Montesano, P. M., Neigh, C. S. R., et al. (2021). Storm surge and ponding
explain mangrove dieback in southwest Florida following Hurricane Irma. Nature Communications, 12(1), 4003. https://doi.org/10.1038/
s41467‐021‐24253‐y

Lin, Q., & Yu, S. (2018). Losses of natural coastal wetlands by land conversion and ecological degradation in the urbanizing Chinese coast.
Scientific Reports, 8(1), 15046. https://doi.org/10.1038/s41598‐018‐33406‐x

Liu, J., Lee, J., & Zhou, R. (2023). Review of big‐data and AI application in typhoon‐related disaster risk early warning in Typhoon Committee
region. Tropical Cyclone Research and Review, 12(4), 341–353. https://doi.org/10.1016/j.tcrr.2023.12.004

Meeder, J. F., & Parkinson, R. W. (2018). SE Saline Everglades transgressive sedimentation in response to historic acceleration in Sea‐Level rise:
A viable marker for the base of the Anthropocene? Journal of Coastal Research, 342, 490–497. https://doi.org/10.2112/jcoastres‐d‐17‐00031.1

Menendez, P., Losada, I. J., Torres‐Ortega, S., Narayan, S., & Beck, M. W. (2020). The global flood protection benefits of mangroves. Scientific
Reports, 10(1), 4404. https://doi.org/10.1038/s41598‐020‐61136‐6

Osland, M. J., Feher, L. C., López‐Portillo, J., Day, R. H., Suman, D. O., Guzmán Menéndez, J. M., & Rivera‐Monroy, V. H. (2018). Mangrove
forests in a rapidly changing world: Global change impacts and conservation opportunities along the Gulf of Mexico coast. Estuarine, Coastal
and Shelf Science, 214, 120–140. https://doi.org/10.1016/j.ecss.2018.09.006

Powell, M. D., & Houston, S. H. (1996). Hurricane Andrew's landfall in South Florida. Part II: Surface wind fields and potential real‐time ap-
plications. Weather and Forecasting, 11(3), 329–349. https://doi.org/10.1175/1520‐0434(1996)011<0329:Halisf>2.0.Co;2

Radabaugh, K. R., Moyer, R. P., Chappel, A. R., Dontis, E. E., Russo, C. E., Joyse, K. M., et al. (2019). Mangrove damage, delayed mortality, and
early recovery following hurricane Irma at two landfall sites in southwest Florida, USA. Estuaries and Coasts, 43(5), 1104–1118. https://doi.
org/10.1007/s12237‐019‐00564‐8

Saunders, M. A., & Lea, A. S. (2008). Large contribution of sea surface warming to recent increase in Atlantic hurricane activity. Nature,
451(7178), 557–560. https://doi.org/10.1038/nature06422

Scafetta, N. (2024). Impacts and risks of “realistic” global warming projections for the 21st century.Geoscience Frontiers, 15(2), 101774. https://
doi.org/10.1016/j.gsf.2023.101774

Smith, J. M., Bryant, M. A., & Wamsley, T. V. (2016). Wetland buffers: Numerical modeling of wave dissipation by vegetation. Earth Surface
Processes and Landforms, 41(6), 847–854. https://doi.org/10.1002/esp.3904

Smith, T. J., Anderson, G. H., Balentine, K., Tiling, G., Ward, G. A., & Whelan, K. R. T. (2009). Cumulative impacts of hurricanes on Florida
mangrove ecosystems: Sediment deposition, storm surges and vegetation. Wetlands, 29(1), 24–34. https://doi.org/10.1672/08‐40.1

Stevens, P. W., Fox, S. L., & Montague, C. L. (2006). The interplay between mangroves and saltmarshes at the transition between temperate and
subtropical climate in Florida. Wetlands Ecology and Management, 14(5), 435–444. https://doi.org/10.1007/s11273‐006‐0006‐3

Stumpf, R. P., & Haines, J. W. (1998). Variations in tidal level in the Gulf of Mexico and implications for tidal wetlands. Estuarine, Coastal and
Shelf Science, 46(2), 165–173. https://doi.org/10.1006/ecss.1997.0276

Geophysical Research Letters 10.1029/2025GL115692

LIANG ET AL. 9 of 10

 19448007, 2025, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025G

L
115692 by Z

hijun D
ai - E

ast C
hina N

orm
al U

niversity , W
iley O

nline L
ibrary on [06/05/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1038/nclimate3326
https://doi.org/10.1016/j.jdmm.2021.100562
https://doi.org/10.1016/j.foreco.2013.07.011
https://doi.org/10.1016/j.foreco.2013.07.011
https://doi.org/10.3390/s23156669
https://doi.org/10.1023/a:1025030832054
https://doi.org/10.1007/s11069-011-9849-x
https://openknowledge.fao.org/items/477d2ce2-8009-4a8b-96c4-2965595b423e
https://openknowledge.fao.org/items/477d2ce2-8009-4a8b-96c4-2965595b423e
https://doi.org/10.1146/annurev-environ-101718-033302
https://doi.org/10.3390/su12104212
https://doi.org/10.1029/2018jc014865
https://doi.org/10.1016/j.jenvman.2014.01.020
https://doi.org/10.1111/geb.12449
https://doi.org/10.1029/2018jg004501
https://doi.org/10.1073/pnas.1820067116
https://doi.org/10.1016/j.envsci.2016.09.005
https://doi.org/10.1175/1520-0450(1995)034%3C2499:Asemfp%3E2.0.Co;2
https://doi.org/10.1007/s13157-011-0148-9
https://doi.org/10.1038/nature12856
https://doi.org/10.1038/s41467-021-24253-y
https://doi.org/10.1038/s41467-021-24253-y
https://doi.org/10.1038/s41598-018-33406-x
https://doi.org/10.1016/j.tcrr.2023.12.004
https://doi.org/10.2112/jcoastres-d-17-00031.1
https://doi.org/10.1038/s41598-020-61136-6
https://doi.org/10.1016/j.ecss.2018.09.006
https://doi.org/10.1175/1520-0434(1996)011%3C0329:Halisf%3E2.0.Co;2
https://doi.org/10.1007/s12237-019-00564-8
https://doi.org/10.1007/s12237-019-00564-8
https://doi.org/10.1038/nature06422
https://doi.org/10.1016/j.gsf.2023.101774
https://doi.org/10.1016/j.gsf.2023.101774
https://doi.org/10.1002/esp.3904
https://doi.org/10.1672/08-40.1
https://doi.org/10.1007/s11273-006-0006-3
https://doi.org/10.1006/ecss.1997.0276


Swales, A., Bentley, S. J., & Lovelock, C. E. (2015). Mangrove‐forest evolution in a sediment‐rich estuarine system: Opportunists or agents of
geomorphic change? Earth Surface Processes and Landforms, 40(12), 1672–1687. https://doi.org/10.1002/esp.3759

Thieler, E. R., Himmelstoss, E. A., Zichichi, J. L., & Ergul, A. (2009). The digital shoreline analysis system (DSAS) version 4.0 ‐ An ArcGIS
extension for calculating shoreline change (Open‐File Report 2008‐1278). U.S. Geological Survey. https://doi.org/10.3133/ofr20081278

Wdowinski, S., Bray, R., Kirtman, B. P., &Wu, Z. (2016). Increasing flooding hazard in coastal communities due to rising sea level: Case study of
Miami Beach, Florida. Ocean and Coastal Management, 126, 1–8. https://doi.org/10.1016/j.ocecoaman.2016.03.002

Wu, C., Ren, F., Zhang, D. L., Zhu, J., McBride, J. L., & Chen, Y. (2024). Author Correction: Development of a dynamical statistical analog
ensemble forecast model for landfalling typhoon disasters. Scientific Reports, 14(1), 11330. https://doi.org/10.1038/s41598‐024‐61676‐1

Xiong, Y., Dai, Z., Long, C., Liang, X., Lou, Y., Mei, X., et al. (2024). Machine learning‐based examination of recent mangrove forest changes in
the western Irrawaddy River Delta, Southeast Asia. Catena, 234, 107601. https://doi.org/10.1016/j.catena.2023.107601

Yang, J., Dai, Z., Lou, Y., Mei, X., & Fagherazzi, S. (2023). Image‐based machine learning for monitoring the dynamics of deltaic islands in the
Atchafalaya River Delta Complex between 1991 and 2019. Journal of Hydrology, 623, 129814. https://doi.org/10.1016/j.jhydrol.2023.129814

Zhou, X., Dai, Z., Carniello, L., Long, C., Wang, R., Luo, J., & Huang, Z. (2022). Linkage between mangrove wetland dynamics and wave
attenuation during a storm–a case study of the Nanliu Delta, China. Marine Geology, 454, 106946. https://doi.org/10.1016/j.margeo.2022.
106946

Zhu, Y. J., Collins, J. M., & Klotzbach, P. J. (2021). Spatial variations of North Atlantic landfalling tropical cyclone wind speed decay over the
continental United States. Journal of Applied Meteorology and Climatology. https://doi.org/10.1175/jamc‐d‐20‐0199.1

Zhu, Z., &Woodcock, C. E. (2014). Continuous change detection and classification of land cover using all available Landsat data. Remote Sensing
of Environment, 144, 152–171. https://doi.org/10.1016/j.rse.2014.01.011

Geophysical Research Letters 10.1029/2025GL115692

LIANG ET AL. 10 of 10

 19448007, 2025, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025G

L
115692 by Z

hijun D
ai - E

ast C
hina N

orm
al U

niversity , W
iley O

nline L
ibrary on [06/05/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/esp.3759
https://doi.org/10.3133/ofr20081278
https://doi.org/10.1016/j.ocecoaman.2016.03.002
https://doi.org/10.1038/s41598-024-61676-1
https://doi.org/10.1016/j.catena.2023.107601
https://doi.org/10.1016/j.jhydrol.2023.129814
https://doi.org/10.1016/j.margeo.2022.106946
https://doi.org/10.1016/j.margeo.2022.106946
https://doi.org/10.1175/jamc-d-20-0199.1
https://doi.org/10.1016/j.rse.2014.01.011

	description
	Hurricanes Induced Irreversible Large‐Scale Loss of Mangrove Forests
	1. Introduction
	2. Materials and Methods
	2.1. Materials
	2.2. Mangrove Area Extraction
	2.3. Mangrove Fringe Analysis

	3. Results
	3.1. Temporal Variation of Mangrove Area
	3.2. Spatial Variations of Mangrove Area
	3.3. Change of Mangrove Forest Shorelines

	4. Discussion
	4.1. Impact of Hurricanes
	4.2. Impact of Sea‐Level Rise
	4.3. Prospective

	5. Conclusions
	Data Availability Statement



