Science of the Total Environment 898 (2023) 165413

Contents lists available at ScienceDirect

Science orre
Environment

Science of the Total Environment

.r:%jﬂ,
ELSEVIER journal homepage: www.elsevier.com/locate/scitotenv

Check for

Drivers of mangrove vulnerability and resilience to tropical cyclones in the [&&s
North Atlantic Basin

Cibele Amaral »™“", Benjamin Poulter ¢, David Lagomasino ¢, Temilola Fatoyinbo ¢,

Paul Taillie®, Gil Lizcano ', Steven Canty &h Jorge Alfredo Herrera Silveira !

Claudia Teutli-Hernandez’, Miguel Cifuentes-Jara ! Sean Patrick Charles®,

Claudia Shantal Moreno ", Juan David Gonzalez-Trujillo™°, Rosa Maria Roman-Cuesta "¢

2 Earth Lab, Cooperative Institute for Research in Environmental Sciences, University of Colorado Boulder, Boulder, CO 80303, United States
b Universidade Federal de Vigosa, Department of Forest Engineering, Vicosa, MG 36570-900, Brazil

¢ NASA Goddard Space Flight Center, Biospheric Sciences Laboratory, Greenbelt, MD 20771, United States

4 East Carolina University, Department of Coastal Studies, Greenville, NC 27858-4353, United States

€ University of Florida, Department of Wildlife Ecology and Conservation, Gainesville, FL. 32611, United States

f Climate Scale, Parc Barcelona Activa, 08402 Barcelona, Spain

8 Smithsonian Environmental Research Center, 647 Contees Wharf Road, Edgewater, MD 21037, United States

h Working Land and Seascapes, Smithsonian Institution, Washington, DC 20013, United States

i Centro de Investigacion y de Estudios Avanzados, Departamento de Recursos del Mar, 97310 Mérida, Mexico

J Escuela Nacional de Estudios Superiores Unidad Mérida, 97357 Mérida, México

X Conservation International, Arlington, VA 22202, United States

! Centro Agronémico Tropical de Investigacién y Ensefianza, 30501 Turrialba, Costa Rica

™ Chair of Land Management, Technical University of Munich, Arcisstrafe 21, D-80333 Munich, Germany

" Departamento de Biogeografia y Cambio Global, Museo Nacional de Ciencias Naturales, CSIC, JoseGutierrez Abascal, 2, 28006 Madrid, Spain
© Rui Nabeiro Biodiversity Chair, MED Institute, Universidade de Evora, Largo dos Colegiais, 7000 Evora, Portugal

P Wageningen University & Research, Laboratory of Geo-Information Science and Remote Sensing, 6708PB Wageningen, the Netherlands

9 Technical University of Munich, School of Life Sciences, Institute of Forest Management, 85354 Fresing, Germany

ARTICLE INFO ABSTRACT

Editor: Paulo Pereira The North Atlantic Basin (NAB) has seen an increase in the frequency and intensity of tropical cyclones since the
1980s, with record-breaking seasons in 2017 and 2020. However, little is known about how coastal ecosystems,

Keywords: particularly mangroves in the Gulf of Mexico and the Caribbean, respond to these new “climate normals” at

Remote sensing regional and subregional scales. Wind speed, rainfall, pre-cyclone forest height, and hydro-geomorphology are

Machine learning

known to influence mangrove damage and recovery following cyclones in the NAB. However, previous studies
Coastal ecosystem

Coastal development have focused on local-scale responses and individual cyclonic events. Here, we analyze 25 years (1996-2020) of
Drought mangrove vulnerability (damage after a cyclone) and 24 years (1996-2019) of short-term resilience (recovery
Nature-based solutions after damage) for the NAB and subregions, using multi-annual, remote sensing-derived databases. We used
machine learning to characterize the influence of 22 potential variables on mangrove responses, including
human development and long-term climate trends. Our results document variability in the rates and drivers of
mangrove vulnerability and resilience, highlighting hotspots of cyclone impacts, mangrove damage, and loss of
resilience. Cyclone characteristics mainly drove vulnerability at the regional level. In contrast, resilience was
driven by site-specific conditions, including long-term climate trends, pre-cyclone forest structure, soil organic
carbon stock, and coastal development (i.e., proximity to human infrastructure). Coastal development is asso-
ciated with both vulnerability and resilience at the subregional level. Further, we highlight that loss of resilience
occurs mostly in areas experiencing long-term drought across the NAB. The impacts of increasing cyclone activity
on mangroves and their coastal protection service must be framed in the context of compound climate change
effects and continued coastal development. Our work offers descriptive and spatial information to support the
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restoration and adaptive management of NAB mangroves, which need adequate health, structure, and density to
protect coasts and serve as Nature-based Solutions against climate change and extreme weather events.

1. Introduction

Worldwide, mangrove forests buffer coastal areas and the human
communities they support from wind, waves, and storm surges (Hochard
et al., 2019; Menéndez et al., 2020; Zhu et al., 2020), while also storing
carbon at some of the highest rates of any ecosystem (Donato et al.,
2011; Richards et al., 2020). Globally, their coastal protection benefits
are estimated to prevent US$ 60 billion in flood damages from tropical
cyclones and shield 14 million people from their devastating impacts
(Menéndez et al., 2020). Because of the high rate of storm occurrence
and the vast extent of mangroves, flood mitigation benefits are partic-
ularly important to the countries of the North Atlantic Basin (NAB;
Menéndez et al., 2020). Due to their structure and density, mangrove
forests have the unique ability to slow down waves and wind, store
water from surges, and reduce erosion by trapping sediments (Mazda
et al., 1997; Thampanya et al., 2006; Mclvor et al., 2012; Montgomery
et al., 2019). This makes them one of the most effective Nature-based
Solutions for coastal protection against climate change and extreme
weather events, which include cyclone hazards (Earth Security, 2020;
Van Hespen et al., 2023). However, their conservation remains a low
priority in regional coastal planning policies and disaster risk reduction
in the NAB. Simultaneously, the risk of tropical cyclones is predicted to
increase in this region (Bacmeister et al., 2018; Emanuel, 2021; Knutson
et al.,, 2021), where higher cyclone frequencies and intensities are
already resulting in greater coastal damages (Wang and Toumi, 2021a,
2021b) affecting more exposed and increasingly more vulnerable com-
munities (Hsiang and Jina, 2014; ECLA, 2018; Otker and Srinivasan,
2018; Ramenzoni et al., 2020).

While mangroves are known to be resilient to the short-term impacts
of tropical cyclones (Lugo, 1980; Jimenez et al., 1985; Roth, 1992;
Krauss and Osland, 2020) and can even benefit from storm-induced
nutrient loading (Castaneda-Moya et al., 2020), extensive and recur-
ring mortality may suggest mangroves are less resilient to the long-term
cyclone trends (Taillie et al., 2020; Lagomasino et al., 2021). For
example, the 2017 Mega-Hurricane season resulted in 30 times more
mangrove mortality than any year during 2009-2018 (Taillie et al.,
2020). Some of this mortality may have resulted simply from storms
happening to make landfall in areas of extensive mangroves. Still, other
factors may have also played a role, including the preceding severe and
long-lasting El Nino event in the region (2015-2016). This “drought-
hurricane duo” may represent an interaction of multiple extreme events,
which are particularly consequential in other tropical forests (Brando
et al., 2014; Allen et al., 2021; Berenguer et al., 2021). Moreover, the
nature of tropical cyclones in the NAB is thought to be changing in
response to changes in climate, with more erratic and slow-moving
storms bringing significantly higher amounts of rainfall (Hall and Kos-
sin, 2019). The mangrove mortality resulting from this inundation is less
well-understood than the more widely-documented impacts of wind
damage (Roth, 1992; Imbert, 2018; Krauss and Osland, 2020; Lagoma-
sino et al., 2021).

Because more recurrent damage to mangroves from tropical cyclones
may compromise the buffering capacity of mangroves to future cyclonic
events (Danielson et al., 2017), it is imperative to identify regional
hotspots of cyclone-driven mangrove vulnerability (i.e., propensity to
damage) and loss of resilience (i.e., loss of capacity to recover after
damage). Additionally, there is a need to identify the drivers of wide-
spread mangrove damage and loss of resilience after tropical cyclones to
define the best management for each case while enhancing mangrove
functionality and persistence (Gijsman et al., 2021).

In this context, “damage” refers to a decrease in mangroves’ green-
ness signal (Normalized Difference Vegetation Index (NDVI)) following

a cyclone impact that falls below a certain threshold compared to their
baselines. The damage indicates how vulnerable the mangroves are to a
cyclone’s impact. “Loss of resilience” describes a situation in which
mangroves lose their capacity to recover from the damage (Ingrisch and
Bahn, 2018), resulting in a null or negative trend in their greenness
signal after the damage. The NDVTI is a useful ecosystem resilience proxy
since it highly correlates with leaf area index, species richness, and
aboveground net primary productivity (Yengoh et al., 2015; Almeida
et al.,, 2021). It has been used to characterize mangrove damage and
recovery from extreme weather events worldwide (e.g., Goldberg et al.,
2020; Taillie et al., 2020; Adame et al., 2021; Lagomasino et al., 2021).

Previous research has shown that mangroves in the NAB are more
vulnerable to cyclone impact if 1) they are structurally taller than sur-
rounding trees, 2) wind speeds are >100 km h’l, 3) storms cause
widespread flooding, 4) cyclone recurrence is relatively low (only
affected by a few cyclones before), and 5) the species composition is
dominated by red mangrove (Rhizophora mangle L.) (Smith et al., 2009;
Imbert, 2018; Sippo et al., 2018; Rivera-Monroy et al., 2020; Taillie
et al., 2020; Lagomasino et al., 2021; Peereman et al., 2022). On the
other hand, mangroves exhibit loss of resilience after being damaged if
they are 1) located in poorly drained basins that are prone to
impounding of high salinity storm surge, 2) in areas with lower fertility,
or 3) where species composition is dominated by black or white
mangrove (Avicennia germinans (L.) L., Laguncularia racemosa (L.) C.F.
Gaertn.) (Smith et al., 2009; Harris et al., 2010; Vogt et al., 2012; Imbert,
2018; Rivera-Monroy et al., 2020; Lagomasino et al., 2021). However,
cyclones and site properties may have different impacts on NAB
mangrove species in other conditions. These three main species vary in
ecological and biomechanical properties. R. mangle, commonly situated
on the lower to mid-intertidal zone along shoreline edges, possesses prop
roots that offer stability and oxygen supply to the root zone.
A. germinans, on the other hand, is typically located at slightly higher
elevations in the upper intertidal zone and may experience flooding
conditions. This species features horizontal cable roots that protrude
pneumatophores, or stick-like aerial roots, up to 30 cm above the soil
surface to provide oxygen to the root zone. It also has a salt excretion
mechanism that helps the tree to tolerate the high salinity. L. racemosa,
which is typically situated at higher elevations than the other two spe-
cies and is rarely flooded, may not have visible roots but can produce
prop roots if flooded for prolonged periods or subjected to anaerobic soil
conditions (Tomlinson, 2016; Tomiczek et al., 2021). R. mangle presents
thinner stems with higher mechanical resistance when compared with
A. germinans, a tree species with wide girth and flare at the base
(Méndez-Alonzo et al., 2015), while L. racemosa possesses a flexible and
adaptive biomechanical structure that enables it to withstand strong
winds (Spatz et al., 1987).

While the previous studies help to understand broader patterns in
mangrove vulnerability and resilience to tropical cyclones in the NAB,
they are also limited in that they 1) have only captured the responses on
specific sites and/or one-year post-disturbance responses and 2) have
mainly included environmental variables and short-term climate re-
sponses without assessing long-term climate trends and human drivers
such as the influence of urbanization, croplands, and road networks,
which are also known to act as drivers of mangrove degradation and loss
(Feller et al., 2015; Hayashi et al., 2019; Branoff, 2020; Goldberg et al.,
2020; Villate Daza et al., 2020).

Building on these important findings from previous work, we aimed
to leverage the growing library of freely-available spatial data to
investigate broader, more generalizable patterns in mangrove vulnera-
bility and resilience. Specifically, we pose four major questions: 1) What
is the extent of tropical cyclone (i.e., tropical storms and hurricanes)
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impact on mangroves in the North Atlantic Basin between 1996 and
2020? 2) Where are cyclone impacts, mangrove damage, and post-
disturbance loss most pronounced? 3) What are the drivers and
thresholds of mangrove vulnerability? And 4) What are the drivers and
thresholds of mangrove post-disturbance resilience? Answers to these
questions at the regional and subregional levels are critical to risk as-
sessments, adaptation policies, and ecosystem restoration and conser-
vation across the NAB.

2. Material and methods
2.1. Study site

Our study focused on mangrove forests of the Caribbean and the Gulf
of Mexico regions. These regions cover an area of 7,741,775.5 km? from
South to North America (i.e., 7-30°N and 60-98°W), host 35 countries,
and can be subdivided into nine coastal ecoregions, according to
Spalding et al. (2007) (Table A.1). This bioregionalization was created
to support national and international conservation policy agendas and
are based on global biogeographic patterns (Spalding et al., 2007). In
1996, the first year of our study, the NAB was estimated to include
2,025,295 ha of mangroves (Bunting et al., 2018). Of the coastal sub-
regions, the Southern Gulf of Mexico and the Greater Antilles

—
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supported the largest extents of mangroves, while the Northern Gulf of
Mexico supported the least mangroves (Table A.1).

In addition to varying in mangrove extent, the coastal ecoregions
varied in several relevant climate and human infrastructure variables
(Table A.1). The Bahamian, Floridian, and Northern Gulf of Mexico were
notable for the highest cumulative wind speeds, while the Southwestern
and Western Caribbean subregions were notable for the highest cumu-
lative rainfall from hurricane seasons in the last 40 years (Hersbach
et al.,, 2023). The region as a whole had a mean annual maximum
temperature of 29.5 °C and a mean annual rainfall of 126.7 mm (CRU
et al., 2017), and both temperature and rainfall patterns followed a
decreasing latitudinal gradient. The region as a whole experienced a
period of significant drying (Neelin et al., 2006), with the Bahamian,
Greater Antilles, and Western Caribbean subregions experiencing the
highest drought tendencies (Table A.1). The region hosted a total of
1293 human settlements (CIESIN et al., 2011) with 41,801 km of roads
within 5 km of the coastline (CIESIN and ITOS, 2013). While the
Northern Gulf of Mexico supported the largest number of coastal set-
tlements, the Greater Antilles had more roads in the coastal zone
(Table A.1).
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Fig. 1. Workflow diagram. Detailed information on the data used in this study is presented in Table A.2.
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2.2. Methods

To identify the hotspots of cyclone impact, mangrove damage, and
mangrove loss, as well as the environmental drivers of these ecosystem
responses, we analyzed remote sensing and spatial data collected over
25 years. We used spatial statistics, descriptive statistics, and machine
learning to quantify patterns across the entire NAB and its subregions
(Fig. 1).

2.2.1. Mangrove vulnerability and short-term resilience classification

We calculated changes in forest greenness through the Normalized
Difference Vegetation Index (NDVI) obtained from 30-m resolution,
harmonized Landsat-5, —7, and —8 images to identify damage in
impacted mangrove areas, which have been proven reliable to monitor
mangrove damage and recovery (e.g., Taillie et al., 2020; Lagomasino
et al., 2021). Based on ground-validated responses (Lagomasino et al.,
2021), mangrove damage (vulnerability, i.e., the potential of damage
when exposed to a tropical cyclone) followed a threshold change
response of —0.2 NDVI (a drop-response of 0.2) between the ex-ante
NDVI mean value (two years before the disturbance, July 1 to July 1, i.e.,
the baseline) and the ex-post NDVI mean value (from August 31 to
December 31, i.e., the hurricane season). This 0.2 decline in NDVI
following the cyclone has been reported to show a significant change in
canopy cover fraction and canopy height loss (Taillie et al., 2020;
Lagomasino et al., 2021) (see example in Fig. A.1) and has been used as a
mangrove loss threshold in different mangrove degradation assessments
(e.g., Lagomasino et al., 2019; Goldberg et al., 2020; Taillie et al., 2020;
Adame et al., 2021; Lagomasino et al., 2021). To measure recovery
(short-term resilience, i.e., the capacity to recover from the distur-
bance), we focused on the ex-post NDVI slope trend for eight months
after the damage (from January 1 to August 31). A negative NDVI trend
(or null trend) was classified as loss (i.e., persistent damage with no
recovery signal), and a positive trend as recovery (i.e., damaged with
signals of recovery) (Taillie et al., 2020). While our short-term losses do
not necessarily lead to long-term mangrove mortality, experience in the
region showed that eight months following the end of the hurricane
season was a reasonable time to expect recovery responses (Lagomasino
et al., 2021). Damage and recovery were produced annually at 30-m
spatial resolutions for the periods 1996-2020 and 1996-2019, respec-
tively, for the entire NAB region.

We used Global Mangrove Watch (GMW) data (Bunting et al., 2018)
for our mangrove baseline (the year 1996). Tropical cyclones were
collected from NOAA’s-IBTrACS (Knapp et al., 2010) and include both
tropical storms (wind speed 63-117 km.hr ') and hurricanes (wind
speeds > 119 km.h’l), following the Saffir-Simpson scale. Because no
information is available on the historical tracks’ wind radii pre-2008, a
set 160 km buffer (80 km on either side of the storm track) was used to
estimate the potential area of influence around the storm, i.e., the area of
cyclone impact. The median size of Atlantic cyclones based on the
outermost isobar is 278 km for tropical storms and 370 for category 1
and 2 storms (Landsea et al., n.d.). The buffer used here is closer to the
average 34-knot wind speed radii for the top 73 most costly Atlantic
cyclones before the 2017 season, of 216 km (Zhai and Jiang, 2014). The
extreme variability in storm size makes it difficult to quantify a partic-
ular storm’s exact area of influence, but using the standard buffer size of
160 km allows for a systematic comparison across individual years. Class
point data (i.e., pixel centroids) were randomly extracted from the
aggregated layers (1996-2020) to assess the drivers of vulnerability and
loss of resilience for the NAB region and subregions (Spalding et al.,
2007) in a space-by-time approach. The analysis of the subregions was
considered highly relevant due to the large differences in environmental
settings (e.g., soil type, mean elevation, geomorphology), frequency of
cyclones, socio-economic frameworks, and governance settings among
them.
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2.2.2. Spatial statistics

Several spatial statistics were used to assess the history of cyclone
impact, mangrove damage, and post-disturbance recovery and loss
across the NAB and its subregions. We calculated the accumulated area
impacted by tropical cyclones per subregion by summing the annual
impacted mangrove area layers from 1996 to 2020. We mapped the
hotspots of cyclone impact, mangrove damage, and loss using the related
annual layers from 1996 to 2019. They were created from the union of
the 24 annual layers. Thus, the annual occurrences of damage, recovery,
and loss were registered in the 1996-2019 layers and the sum of the
years of occurrence. We created a 0.5-degree grid and calculated the
times (recurrence) of tropical cyclone impact per cell, the ratio (per-
centage) of mangrove damage/cyclone impact per cell, and the ratio of
mangrove loss/damage per cell. To allow the comparison between maps,
we did not map the impacts and damages of the 2020 season (please, see
Section 2.2.1 for detailed information on short-term loss layer
calculation).

2.2.3. Drivers of mangrove vulnerability and short-term resilience

2.2.3.1. Weather variables — the year of the cyclone’s impact. Weather
variables during the year of a given cyclone were extracted from the
Copernicus Climate Change Service (C3S) Climate Data Store (CDS)
ERAS reanalysis with 0.25° of spatial resolution and hourly temporal
resolution (Hersbach et al., 2018). We produced annual maximum sus-
tained wind speed images from 1996 to 2020 from ERA5’s hourly wind
data, which summarizes the maximum 3-s wind at 10-m height (Here-
after referred to as ‘wind speed’). We developed two cumulative rainfall
products per year, one from May to November (referred to as the ‘hur-
ricane season’) and one for December to April (‘dry season’). For man-
groves with repeated cyclone impacts, we estimated mean wind speed
and cumulative rainfall values for each pixel. For the ‘undamaged’ class,
we took mean values from the 25-year period of analysis.

2.2.3.2. Climate variables — Long-term means and trends. We calculated
the number of times each pixel intercepted a 80-km-wide buffer along
the pathway lines of the cyclones to estimate the recurrence of tropical
cyclones over the 25 years. Five other variables were calculated to
capture long-term climate variability in the region: 1) mean annual
maximum temperature (°C), 2) the trend of the annual maximum tem-
perature ("C.yr’l), 3) mean annual cumulative rainfall (mm), 4) the
trend of the annual cumulative precipitation (mm.yr’l), and 5) the
trend of the annual mean Self-calibrating Palmer Drought Severity Index
(scPDSI) (unitless, but a negative trend indicating drought) from 1980 to
2016. We used monthly data from the Climatic Research Unit (CRU
et al., 2017) database at 0.5° spatial resolution.

2.2.3.3. Human infrastructure variables. To determine the impact of
coastal development on mangroves during tropical cyclones, we created
layers of distance from human infrastructures. Our analysis involved
calculating Euclidean distance from croplands, roads, and settlements at
a spatial resolution of 100 m. The original cropland mask came from the
global croplands project, version 1, at 30 m spatial resolution from 2010
(North America; Massey et al., 2017) and 2015 (South America; Zhong
et al., 2017). Croplands with an area lower than one hectare were
excluded to reduce feature complexity and allow the generation of a
single-distance raster for the entire region. Road polyline data were
taken from the ‘Global Roads Open Access’ dataset, version 1, with ac-
curacies ranging from 530 m to 1265 m (CIESIN, 2013). We used set-
tlement point data from the Global Rural-Urban Mapping Project
version (CIESIN, 2011).

2.2.3.4. Forest structure variables. We included four pre-cyclone forest
structure variables: one for canopy height and three for canopy cover (i.
e., the fractional cover of green vegetation, soil, and water). We used
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data on mangrove canopy height from NASA’s ORNL DAAC (Simard
et al.,, 2019a, 2019b), derived from the Shuttle Radar Topography
Mission (SRTM) and the RH100 product from the Geoscience Laser
Altimeter System (GLAS) instrument aboard ICESat-1. This data is from
2000 at a 30-m resolution. We utilized Spectral Mixture Analysis (SMA)
(Adams et al., 1986) to generate sub-pixel fractional covers of green
vegetation, soil, and water classes. This helped us determine the pre-
cyclone canopy cover. We used two sets of 100 candidate spectra
collected across the region and years/seasons to do this. We applied each
dataset to Landsat-5 collection 1, tier 1 (from 1994 to 2011) and
Landsat-8 collection 1, tier 1 (from 2013 to 2020). We ran the images
unmixing using Google Earth Engine ‘unmix’ function (Gorelick et al.,
2017; Bullock et al., 2020). To identify a representative endmember for
each class, we utilized the Endmember Average RMSE (EAR) method
(Dennison and Roberts, 2003). This involved calculating the EAR for
each endmember by taking an average of the RMSE from models that
utilized that particular endmember to unmix spectra belonging to the
same class. The EAR for Landsat-5 endmembers ranges from 0.011 to
0.020, while for Landsat-8, it varies from 0.011 to 0.063. When dealing
with mangrove samples that have experienced multiple damage, short-
term loss, or recovery over time, we assigned the pre-cyclone frac-
tional cover to the first cyclone impact since 1996.

2.2.3.5. Geomorphology and soil variables. We selected four geomor-
phological typologies: Delta, Estuary, Lagoon, and Open Coast, obtained
from Worthington et al. (2020). These data were produced using high-
resolution coastline layers to map and classify coastal embayment

_9|5°
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polygons through machine learning. We also generated a 100-m spatial
resolution layer of Euclidean distance to the shoreline using the Proto-
type Global Shoreline Data (https://shoreline.noaa.gov/data/datas
heets/pgs.html). It is based on orthorectified, 2000-era, Landsat imag-
ery and has an accuracy of ca. 50 m.

We include data on soil organic carbon stocks at 1-m depth from the
global mangrove forest soil carbon map at 30m spatial resolution
(Sanderman et al., 2018). This database was produced by the 250-m
SoilGrid data modeling from various finer resolution explanatory vari-
ables such as a digital elevation model, geomorphology map, and
vegetation characteristics. The data presents a soil organic density root
mean squared error (RMSE) of 10.9 kg/m3.

2.2.3.6. Correlation matrices. We applied nonparametric Spearman and
Kendall Rank Correlation tests to exclude highly correlated possible
variables, ending with a final pruned set of 22 possible drivers (see a
summary of the variables’ characteristics and sources in Table A.2 and
correlation matrices in Figs. A.2 and A.3). The set of variables used here
represents a large number of possible direct and indirect drivers of
mangrove health conditions in the region — which could influence the
ecosystem vulnerability and resilience to tropical cyclones impact —
while fitting to the spatial and temporal scales of the research.

2.2.4. Machine learning and statistical analyses

We used the machine learning algorithm Random Forest (RF) to
relate variables to mangrove damage and loss (Breiman, 2001; Kuhn
et al., 2020) and then calculated descriptive statistics (i.e., median and
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Fig. 2. Study site and impact of tropical cyclones on NAB mangroves: A) Atlantic named cyclones’ pathways (from storms — in blue to hurricanes — in yellow) from
1996 to 2020, and study site location (black box). B) Zoom-in of the study site showing the distribution of mangroves (in dark green, from Bunting et al. (2018)) and
its nine subregions colored according to ranges (from <150,000 to >350,000 ha) of mangrove area impacted over the last 25 years. C) Cumulative mangrove area
impacted by tropical cyclones per subregion (label) with stacked color bars indicating how many hectares have been impacted by cyclones successively (from one to

fourteen times) in the last 25 years. Subregion full names are listed in Table 1.
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quartiles per class of vulnerability and recovery), non-parametric sta-
tistic tests (Kruskal-Wallis for numerical, and Chi-squared for categorical
variables) to characterize and select the most influential drivers of
vulnerability and resilience for the NAB region and the subregions. Not
all nine subregions hosted enough mangrove data to run RF that
required balanced control vs. treatment subsamples. Five subregions,
comprising 94 % of the total mangrove area in the region, were used for
running subregional models: the Bahamian, Floridian, Greater Antilles,
Southern Gulf of Mexico, and the Western Caribbean (Fig. 2). Thus,
twelve models were run: one regional and five subregional models for
vulnerability (“damaged vs. undamaged mangroves”) and for post-
disturbance resilience (“recovered vs. lost mangroves™) (Table A.3).

We set 700 trees per model and left the number of predictors at each
split to be selected based on the highest overall accuracy. We used 10-
fold cross-validation (10 % of data hold-out for validation) to assess
the accuracy of the models. The relative importance of different drivers
relied on the difference between two prediction accuracies on the out-of-
bag portion of the data for each tree when permuting each predictor
variable (Kuhn, 2012). All data analyses were performed using R 4.0.0
(R Core Team, 2020).

3. Results
3.1. Impact of tropical cyclones on NAB mangroves

From 1996 to 2020, the NAB region experienced 368 named tropical
cyclones (87 are category >3, i.e., wind speed >178 km.h™H (Fig. 2A
and B). Of the 2 million hectares of mangroves in the NAB originally
(Bunting et al., 2018), almost all (93 %) were impacted by at least one
cyclone landfall. Half of that area (55 %) was impacted by eight or more
landfalls in the 25-year study period (Fig. 2C and Table 1). Geographi-
cally, the Eastern Caribbean subregion experienced the highest number
of landfalls: 14 in 25 years (Figs. 2C and 3A). These results illustrate the
important role of cyclone return intervals in mangrove dynamics. The
highest absolute areas of impacted mangroves correspond to subregions
with larger mangrove extents: the Southern Gulf of Mexico and the
Greater Antilles, with ca. 500,000 ha of impacted mangroves each.
(Fig. 2C and Table 1).

3.2. Hotspots of cyclone impact, mangrove damage, recovery, and loss
located

While cyclone landings affected almost all mangroves in the NAB
region (Fig. 3A), the vulnerability was low, illustrating that mangroves
are well-adapted to the impact of cyclones. Hence, damage represented a
small percent of the total area of impacted mangroves, with 14.9 %
(279,914 ha) of mangroves damaged at least once during our 25-year
analysis period. The central-eastern side of the NAB (Eastern Carib-
bean, Bahamian, Greater Antilles) concentrated the highest ratios of
mangrove damage (damage/impact) with values above 20 % (Table 1
and Fig. 3B). The Southern Caribbean subregion received little to no
impact as this region is located outside the path of the most frequent
cyclone occurrence. The Eastern side of the Caribbean, mainly, and the
Western Caribbean act as preferential pathways for cyclones.

Regional mangrove resilience was, however, rather low, with rates of
post-disturbance loss (loss/damage) being ca. 48 % (Table 1). A total of
123,885 ha of mangroves showed no recovery trends in the following
eight months after the disturbance. Maximum resilience was observed in
the Floridian subregion, with 78.4 % of the recovery, while the lowest
values were within the Bahamian (32.4 %) and Eastern Caribbean (45.6
%) subregions (Table 1). In absolute numbers, mangrove-rich central-
western subregions (i.e., the Greater Antilles, the Western Caribbean,
and the Southern Gulf of Mexico) contributed the most to mangrove
losses (Table 1 and Fig. 3C). The central-eastern region is notable for its
high loss of resilience after damage, especially in the Bahamian (BAH)
subregion (Fig. 3C).
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3.3. Drivers and thresholds of mangrove vulnerability to cyclones

Mangrove vulnerability to tropical cyclones for the period
1996-2020 was mostly influenced by weather properties linked to the
cyclonic events: wind speeds and high rainfall, which often causes
flooding (detailed information on each vulnerability model, accuracies,
and descriptive statistics are presented in Tables A.4 to A.10). These
were common drivers for the NAB region (Fig. 4A) and all the subregions
(Fig. 4B to F). The importance of wind speed and rainfall was greatest in
the subregions located on the preferential pathway of cyclones in the
NAB region (eastern side of the Caribbean), the Bahamian, Eastern
Caribbean, Greater Antilles, and Floridian subregions (Fig. 4B to D).
Many of these subregions comprise islands and peninsulas, allowing
cyclones to pass over them without losing much intensity. More conti-
nental subregions, such as the Southern Gulf of Mexico or the Western
Caribbean, saw wind speed and high rainfall as leading drivers of
vulnerability. Still, long-term climate trends, human infrastructure,
geomorphology, and pre-cyclone forest (height and canopy openness),
were the most important drivers of mangrove vulnerability to tropical
cyclones (Fig. 4E and F).

3.3.1. Thresholds of vulnerability at the regional level

Translated into thresholds for the NAB region, we found that
mangrove vulnerability to tropical cyclones was enhanced by insularity
with wind speeds >107 km.hr!, and high levels of associated cyclonic
rainfall (~1050 mm) strongly driving mangrove damage (Fig. SA and
B). Taller mangroves (~10 m) were more vulnerable than shorter
mangroves (Fig. 5C), and lagoonal mangroves were more damaged than
open coast, estuaries, and delta mangroves (Fig. 5D).

3.3.2. Thresholds of vulnerability at the subregional level

On a subregional level, the results of our models showed that wind
speed and rainfall interact at multiple timescales to influence mangrove
vulnerability (e.g., rainfall during the hurricane season, rainfall pre-
ceding the hurricane season, and long-term rainfall trends). The Baha-
mian subregion was the most vulnerable. There, rainfall was as
important as wind speed in driving mangrove damage, which was a
unique subregional response (Fig. 4B). Thus, mangroves in the Baha-
mian subregion were highly responsive to cumulative rainfall during the
hurricane season: 1218 mm vs. 763 mm in damaged and undamaged
areas, respectively. Shorter mangroves (~1.7 m tall) were more
vulnerable than taller mangroves (~6.8 m), an exception to the general
rule within the NAB. Long-term drought also conditioned the vulnera-
bility of Bahamian mangroves, where damage was more frequent in
areas undergoing decreasing rainfall since the ‘80s: median of —0.05
mm.yr ! vs. 0.04 mm.yr ' in damaged vs. undamaged mangroves
(Table A.6). Rainfall also conditioned vulnerability in other subregions,
such as the Southern Gulf of Mexico, where aridity played a role. Thus,
mangroves experienced more damage in areas with lower median
annual rainfall (ca. 77 mm) than higher annual means (118 mm)
(Table A.9).

Human drivers also influenced the vulnerability of mangroves in less
insular subregions such as the Southern Gulf of Mexico and the Western
Caribbean subregions, where damage was more likely in mangroves
closer to settlements (16 vs. 31 km, damage vs. undamaged, respec-
tively) (Fig. 4F and Table A.10). Human variables were also key in the
Bahamian subregion, where damaged mangroves were up to four-times
closer to human infrastructure and to crops than undamaged mangroves
in the Bahamian region (Fig. 4B and Table A.6).

Geomorphology was very influential in the Greater Antilles subre-
gion, where 71 % of the damaged mangroves were in lagoonal settings,
while 60 % of the undamaged mangroves were on the open coast.
Regarding the Western Caribbean, the proximity of mangroves to the
shoreline plays a significant role in their susceptibility to damage. Those
situated closer to the sea (around 440 m nearer) are at a higher risk of
being damaged than those located farther away. (Fig. 4F).
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Fig. 3. Spatial distribution of cyclone recurrence (maximum recurrence) (A), damage ratios (damage/impact in percentage) (B), and post-disturbance loss ratios
(loss/damage in percentage) (C) from 1996 to 2019 at each 0.5-degree cell. Subregion full names are listed in Table 1. Map lines delineate study areas and do not
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4. Discussion
4.1. Hotspots and drivers of mangrove response to tropical cyclones

We highlight that mangrove vulnerability and short-term resilience
respond differently to cyclonic impacts in the North Atlantic Basin
(NAB) region, consistent with known trade-offs between ecosystem
resistance and resilience to tropical cyclones (Patrick et al., 2022).
Mangroves showed low vulnerability (high resistance) to cyclones, with
only ca. 15 % of the vastly impacted area being damaged, but rather low
short-term resilience (48 % of loss) in areas damaged at least once. This
is a large percentage for a region where mangroves have several post-
disturbance adaptations, including rapid re-sprouting, prolific produc-
tion of seedlings, fast rearrangements in species zonation, and rapid
rates of succession and tree growth through their adaptive growth-
mortality cycle (Jimenez et al., 1985). Thus, conservation, restoration,
and adaptation efforts should focus on those more vulnerable mangroves
and, most importantly, less resilient (as highlighted in Fig. 3).

There are marked subregional differences between mangrove
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damage and short-term loss, with east-west and north-south as the main
axes. The highest ratios of damage (‘damage/impact’) are mostly
concentrated in insular areas along the most preferential pathway of
cyclones on the eastern side of the Caribbean: Eastern Caribbean (e.g.,
Guadeloupe, Grenada, Dominica), Bahamian, and Greater Antilles (e.g.,
Cuba, Puerto Rico) subregions. The southern part of the NAB experi-
enced fewer impacts, less damage, and less loss. The western mangrove-
rich subregions were also important when considering the absolute area
of damaged mangroves. Therefore, the selected damage metrics play a
key role in prioritizing action. On the other hand, less resilient man-
groves with high ‘loss/damage’ ratios were more common in the
Bahamian subregion, followed by sites in the Eastern Caribbean, Greater
Antilles, Southern Gulf of Mexico, and Western Caribbean.

The characteristics of the cyclones (e.g., wind speed, rainfall) mainly
drive vulnerability at the regional level. In contrast, short-term resil-
ience is largely driven by site-specific conditions, including long-term
climate conditions (e.g., drying trends and drier areas), pre-cyclone
forest structure, soil, and human interventions on the land. The high-
est importance of wind speed to explain the vulnerability of mangroves
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Fig. 4. Drivers of mangrove vulnerability at regional (A) and subregional scales (B—F) in the North Atlantic Basin (Gulf of Mexico and Caribbean). Bars are pro-
portional to the variable importance from mangrove damaged vs. undamaged classification trees (n = 700). Five out of nine subregions (Spalding et al., 2007) are
assessed here (i.e., those comprising >94 % of the mangrove extent in the NAB region: Bahamian, Floridian, Greater Antilles, Western Caribbean, and Southern Gulf
of Mexico subregions). Data distributions are statistically different between classes (p-value <0.05) except for dry season rainfall and distance to settlement in the
regional model and the trend of annual drought index in the Southern Gulf of Mexico and Western Caribbean models.
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was already presented in previous studies (e.g., Taillie et al., 2020).
Winds can cause simple defoliation to uprooted trees, which alters the
signal of greenness evaluated here. The Bahamian subregion was
notable for its vulnerability to hurricane season rainfall. Its low-lying
elevation (e.g., 80 % of the landmass is within 1.5 m of the mean sea
level) and accelerated sea level rise (Kulp and Strauss, 2019; ECLA,
2020) seem to result in inundation conditions that affect mangrove
survival. Depending on the intensity of the wind and rainfall, in asso-
ciation with the micro-environment mangrove is in (e.g., geo-
morphology), these weather variables may also affect the resilience of
the ecosystem after damage making it unable to recover from the
damage. Lagomasino et al. (2021) saw that mangrove dieback after the
2017 M-hurricane season was caused by ponding in South Florida.
Geomorphology then influences mangroves’ response to cyclone impact.
The interaction between weather conditions and geomorphology seems
to drive much of the vulnerability and resilience of mangroves through
buried roots and increased salinity. This may be the case for lagoonal
and basin mangroves, which present higher vulnerability and lower
short-term resilience regionally. These mangroves might be experi-
encing unbalanced availability of fresh and salt water from increased sea
level rise and reduced rainfall in the dry seasons.

Subregions with less human development close to mangroves, such
as the Floridian, saw the greatest resilience. In contrast, the Bahamian
subregion was characterized as least resilient, likely related to the
compound effects of sea-level rise, topography, drought, and urbaniza-
tion. The role of coastal development in mangrove vulnerability and loss
of resilience can be associated with the chemical and physical changes

10

that human infrastructure can have on the wetland ecosystem. Fertil-
izers from croplands and sewage from settlements may overfertilize the
wetland ecosystem, while the construction of roads and settlements al-
ters the tidal flushes and balance between fresh and saltwater (e.g.,
Harris et al., 2010; Feller et al., 2015). Mangrove vulnerability and
resilience were most affected by human development and long-term
climate (e.g., declining rainfall) in the Bahamian, Southern Gulf of
Mexico, and Western Caribbean subregions. Both of these factors are
expected to increase the exposure and vulnerability of ecosystems to
extreme events (Sippo et al., 2018), and sites that face both stressors
have been reported to exhibit magnified vulnerability in Mexico (Cinco-
Castro and Herrera-Silveira, 2020).

The relationship between mangrove short-term loss and drought
trends is relevant for managing and restoring cyclone-damaged man-
groves in the NAB. In addition to including six of the driest countries in
the world (FAO, 2016), large regions of Central America and the
Caribbean are undergoing significant drying trends, and drying is pro-
jected to continue (Neelin et al., 2006). Our results are consistent with
research on mangrove growth on a global scale, where the influence of
precipitation was already highlighted as positively influencing
mangrove growth (Simard et al., 2019a, 2019b). Thus, both long-term
trends and extreme events of drought represent critical impacts on
mangroves, mainly in arid subregions such as the Southern Gulf of
Mexico, by increasing site salinity and decreasing mangrove ecophysi-
ological capacity to adapt and be resilient (e.g., Zaldivar et al., 2000).

Several associations between mangrove response and environmental
variables were found here with meaningful explanations. However, we
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Fig. 6. Drivers of mangrove resilience at regional (A) and subregional scales (B-E) in the North Atlantic Basin (Gulf of Mexico and Caribbean). Bars are proportional
to the variable importance from mangrove recovery vs. loss classification trees (n = 700). Five out of nine subregions (Spalding et al., 2007) are assessed here (i.e.,
those comprising >94 % of the mangrove extent in the NAB region: Bahamian, Floridian, Greater Antilles, Western Caribbean, and Southern Gulf of Mexico sub-
regions). Data distributions are statistically different between classes (p-value <0.05) except for distance to road and to shoreline in the regional model, mean annual
rainfall and maximum temperature, water fraction and distance to the shoreline in the Bahamian model, cyclone recurrence, soil fraction and distance to the
shoreline in the Southern Gulf of Mexico model, and wind speed, cyclone recurrence, distance to settlement, canopy height, green and soil fractions and distance to

the shoreline in the Western Caribbean model.

encourage further studies to explore the mechanisms behind these as-
sociations that may vary across regions and scales.

4.2. Limitations and uncertainties

Our results highlight the hotspots of mangrove vulnerability and loss
of resilience from cyclone impact and the drivers of such responses
throughout the NAB over 25 years of analysis. Analyses of this spatial-
temporal extent and resolution have only recently become possible
due to increased data availability and computing tools. To ensure
effective environmental policy implementation, it is crucial to conduct
long-term regional assessments. However, post hoc evaluation of results
at a local scale is necessary for proper management.

Here we used 30-m-resolution NDVI to track variations in mangrove
vegetation. It measures greenness and effectively captures the changes
in ex-ante/ex-post canopy cover and the trends after disturbance. Our
NDVI metrics are ground-validated and have already been published in
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several other papers (e.g., Lagomasino et al., 2019; Goldberg et al.,
2020; Taillie et al., 2020; Adame et al., 2021; Lagomasino et al., 2021) as
a mean to capturing mangrove greenness loss and gain. However, we
acknowledge the limitations of using an index based on moderate-
resolution surface reflectance to inform all kinds of mangrove damage
and recovery. Thus, we recommend exploring other types of data, such
as lidar measurements, to understand better the impacts of cyclones on
forest structure (e.g., Xiong et al., 2022) even though they do not cover
the entire region and period.

Uncertainties associated with global scale databases, such as the
mangrove areas from the GMW product, should be expected. The
product has an overall accuracy of 92.5 %, and factors such as satellite
data availability, mangrove species composition, and level of degrada-
tion influence the mangrove map accuracy at a local scale (Bunting
et al., 2018). The global mangrove forest height product used here also
presents uncertainties, which are associated with discrepancies in the
spatial scale, the timing of measurements, inherent GLAS and SRTM
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sensors’ system errors, field measurement errors, geo-location errors,
and discrepancies in spatial resolution between data (Simard et al.,
2019a, 2019b). The RMSE of the lidar-based canopy height is 6.31 m.

Moderate to coarse resolution data type (>30-m resolution) also
hinders us from capturing local-scale variations that can affect
mangrove response to micro-environmental changes that a cyclone
might produce. For example, geomorphological variation can influence
mangrove dynamics across spatial scales. Furthermore, micro-
geomorphological effects on mangrove response are associated with
other elements such as aridity, karstic environment, and local changes
caused by human intervention (Zaldivar et al., 2000; Osland et al., 2018;
Harris et al., 2010).

Sea level rise can also interact with geomorphology to affect
mangrove stability but was not considered in this study. We were limited
by spatial data availability covering our study region over the 25 years
of analysis. Similarly, both the human infrastructure data and vegetation
height were considered static variables, despite clearly changing over
time in reality. Nonetheless, we believe that those variables are less
dynamic than others such as canopy cover, climate, and weather data
that we addressed from bi-annual to seasonal time scales, respectively.

In addition, the vulnerability and resilience of mangroves on open
coasts (27 % of the mangroves studied here) to tropical cyclones might
also be affected by storm surges, waves’ characteristics, and the conse-
quent erosion. We suggest studies that concentrate on these geomorphic
settings incorporate wave characteristics and simulate surges and
erosion as variables for analysis.
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4.3. Implications for management and regional policies

The resilience of both mangroves and socio-economic indicators in
the NAB are predicted to decline. The observed increase in frequency
and intensity of cyclones (Bacmeister et al., 2018; Emanuel, 2021; Wang
and Toumi, 2021a, 2021b) we observed will likely become increasingly
out of sync with recovery times: 1) the reported mangrove recovery
times of 20 years (Lugo, 1980; Jimenez et al., 1985; Roth, 1992; Alongi,
2008; Krauss and Osland, 2020) and 2) the economic recovery time after
extreme events in small economies such as the Antillean Islands (ca. 30
years) (Hsiang and Jina, 2014; Lopez-Calva, 2019). Thus, environmental
and socio-economic policies are needed to facilitate resilience in the
NAB.

In addition, the compounding effects of simultaneous extreme events
(ENSO droughts + hurricanes) and underlying climate trends (long-term
drying + increasing cyclone frequency) are expected to enhance mor-
tality. However, these compounding events require further study.
Managers should therefore focus on enhancing mangrove adaptation to
the compounding effects of climate change while also minimizing
human drivers that can make mangroves more vulnerable and reduce
their resilience after cyclone impacts (e.g., fragmentation, eutrophica-
tion, distance to roads, croplands, and settlements).

The impacts of increasing compound extreme events need to be
framed in the context of heavy human influences in the region. Long-
term losses of mangroves due to extreme events represented 20 % of
the total mangrove deforestation in the NAB from 2000 to 2016
(Goldberg et al., 2020). While this contribution is significant and
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extreme events play a role in ecosystem stability, the Caribbean has seen
massive coastal tourism development in the last 70 years (Pattullo,
2005; Gmelch, 2012), which has long led to mangrove deforestation.
These heavy human influences have increased the exposure and
vulnerability of coastal communities to these extreme events (Cardona
et al.,, 2012; Ramenzoni et al., 2020) and act as amplifiers of cyclone
risks. Interestingly, distance to human infrastructure was less relevant in
the Floridian mangroves. Even though this subregion has a high pres-
ence of settlements in the coastal zone, most of its mangroves are under
protected status within the US Everglades National Park, which might be
what makes them an exception in the region.

Living shorelines (mangroves, reefs, seagrasses, coastal marshes)
provide more effective protection against cyclones and better facilitate
post-disturbance socio-economic recovery than hard shorelines (Smith
et al., 2018; Hochard et al., 2019; Menéndez et al., 2020; Zhu et al.,
2020). While the region has multiple legal instruments to protect the
coastal and marine ecosystems, donors have not yet fostered the value of
Nature-based Solutions (NbS) (i.e., Green and Green-gray In-
frastructures) in their regional budgets for post-disaster reconstruction,
where mangrove conservation and restoration seem to remain un-
earmarked.

Our findings have direct implications for ecosystem conservation and
coastal protection that interest a broad community of scientists and
practitioners. The indication of the hotspots of mangrove losses due to
cyclone damage and what are the drivers of such losses at a subregional
scale might drive efforts to promote ecosystem functionality restoration
following site-specific pressures and needs as part of risk reduction
policies and as part of reconstruction funds after mega-hurricane sea-
sons. The increased exposure of coastal communities to these natural
hazards and inefficient policies for rapid response and recovery have led
to devastating economic, social, physical, and mental health effects and,
ultimately, massive migration in the region (e.g., Clark-Ginsberg et al.,
2023). The effect of such hazards and environmental losses on
economic-social vulnerability is exacerbated due to the region’s com-
plex local cultures, persistent and historical land grabbing, and the
capitalism of disaster (Gutiérrez-Sanchez-Salamanca, 2023).

We particularly aim to raise awareness among coastal managers and
donors to value the role of mangrove restoration and adaptive man-
agement — enhancing ecosystem resistance and resilience — as a funda-
mental regional NbS (Sowiniska-Swierkosz and Garcia, 2022) against
climate change and extreme weather events, such as catastrophic
cyclone hazards. Mangroves are essential to local communities due to
their multiple ecosystem services, protecting them from flood, wind, and
storm surges and providing them with food and work. Thus, maintaining
mangroves healthy is basal to promoting resilience, equity, and sus-
tainability in a well-known hazard-prone region with remarkable social
and economic inequalities.

5. Conclusion

Mangroves are fundamental Nature-based Solutions against recur-
rent cyclone-related, socio-economic devastations in the North Atlantic
Basin. In this study, we quantified the rates of cyclone impact, mangrove
damage, and resilience loss across the North Atlantic Basin over twenty-
five years of analysis. We also presented the drivers of such ecosystem
responses at the regional and subregional levels. There are marked
subregional differences in cyclone impact, mangrove damage, and short-
term loss, with east-west and north-south as the main axes. Mangroves in
the North Atlantic Basin experienced low vulnerability (high resistance)
to cyclones but rather high short-term loss (low resilience) rates. While
cyclone attributes drive regional vulnerability, site-specific conditions
drive resilience. Areas undergoing long-term drought stand out for lower
resilience from cyclone damage, and, at a subregional scale, coastal
development influences both mangrove vulnerability and resilience to
cyclones. Our results highlight the need to understand better the com-
pounding effects of climate change and human infrastructure on this
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vital coastal ecosystem.
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