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Abstract

Extreme climate events are becoming more intense, and how coastal mangroves respond to
the alternating intense cyclones and severe droughts is less understood, which challenges
the sustainability of the ecosystem services they provide to coastal communities. To address
this, we analyzed spatiotemporal dynamics of coastal mangroves in a Caribbean island
in response to major hurricanes in 2017, which followed a severe multi-year drought in
2014-2015, using multiple indices derived from multispectral optical images. We further
explored the roles of hurricane forces, local hydro-geomorphic environment, and rain-
fall dynamics in the damage and the following recovery. In addition to the hurricane
forces, such as gusty wind and rainfall, the local hydro-geomorphic environment largely
determines the spatial variations of damage. Lower-lying, flatter, and wetter mangrove
areas sustained more damage, possibly due to prolonged inundation susceptibility and
tall canopy configurations. Recovery is mainly limited by the severity of damage. How-
ever, sufficient rainfall gradually becomes important to facilitate the recovery. While the
pre-hurricane severe drought (2014-2015) largely degraded the mangroves at dry sites, the
drought after the hurricanes exacerbated the hurricane damage and retarded the recovery.
We also found that the spectral distance and the mangrove vegetation index revealed slower
and more spatiotemporally heterogenous mangrove recovery than indices of greenness,
implying they are better measures for monitoring mangroves’ response to disturbance. Six
years after the disturbance, the greenness of mangroves near the hurricane landfall reached
84% of the pre-hurricane values. However, the mangrove vegetation index showed that
healthy mangrove coverage was only 10%, in comparison to 76% before the disturbance.
The sluggish recovery at this site with the severest damage may be associated with the loss
of pre-established seedlings and the difficulty to have new ones established, thus human
efforts are in need to restore the system.

Keywords: intense cyclones; droughts; mangroves; resistance and resilience; recovery;
restoration

1. Introduction

Extreme climate events are becoming more intense as the globe becomes warmer [1],
exerting stronger impacts on the structures, functions, and services of terrestrial ecosys-
tems [2,3]. Among them, coastal wetlands are especially vulnerable to severe droughts [4—6]
as well as intense tropical cyclones [7-9], and are thus facing great uncertainties in provid-
ing sustainable functions and services for C sequestration, biodiversity, water filtration,
and coastal protection [3,10,11].
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Intense tropical cyclones greatly impact the coastal wetlands through wind damage,
storm surges, prolonged flooding, and sediment deposits which alter geomorphology and
hydrology [12,13]. Globally, tropical cyclones account for 45% of reported disturbance
to mangroves [5]. Coastal mangroves have lower diversity and simpler structure than
upland vegetation. Compared to upland forests, mangroves, which inhabit saline and
anaerobic environments, typically exhibit less resistance to cyclone disturbance [14,15].
Particularly, tall mangrove forests are especially vulnerable to cyclone-induced canopy
damage [16]. Based on field observations, the loss of mangrove basal areas in the East
Caribbean was found to exhibit a sigmoid relationship with maximum sustainable wind
speed. This relationship suggests a wind speed threshold (maximum slope) of 130 km h~!
for high-profile stands and 180 km h~! for low-profile stands [9]. In addition to immediate
wind damage, storm surges, heavy rainfall, and prolonged inundation might further
smother mangrove roots, prohibit the respiration of aerial roots, and thus lead to delayed
mortality [17-19]. For example, basin mangroves suffer more than riverine or island
mangroves, probably due to the long-lasting water in the depressions and the subsequent
suffocation [13].

The recovery of mangroves after the disturbance of tropical cyclones is not only
determined by the severity of damage, but it is also species-specific and dependent on
hydro-geomorphology [8,16]. For example, large-size red mangroves (e.g., Rhizophora
mangle) are slow in recovery because they are generally unable to resprout or coppice, thus
they rely on other strategies such as advance regeneration [20]. The compound flooding
from storm heavy rainfall, tides, and surges creates a severe and widespread inundation risk
for the coast when combined with rising sea level. As a result, the alteration in hydrology
or geomorphology, such as blocked tidal connection or impoundment, might deteriorate
the local environment and retard the mangrove recovery from the disturbance of tropical
cyclones [15].

Severe droughts also degrade the coastal wetlands and can result in extensive man-
grove mortality [4,5,21]. Although mangroves are halophytes, hypersaline stress can greatly
limit their primary production and degrade the ecosystem [22]. The high temperatures and
increased evapotranspiration commonly associated with droughts, when combined with
a limited freshwater supply, often worsen the moisture stress and elevate the salinity in
soils and pore water [4]. The consequent hydraulic failure might lead to massive mangrove
diebacks [23]. Moreover, the recruitment of mangroves or mangrove associates might also
be hindered due to the vulnerability of seedlings and saplings to the stresses [6].

Intensive tropical cyclones and severe droughts are both related to the El Nifio South-
ern Oscillation (ENSO) events, and extreme El Nifio and La Nifia are becoming more
frequent [24,25]. Further, compared to a single-year event, multi-year ENSO events become
more frequent [26]. While El Nifio tends to suppress the intense storms in the North
Atlantic, La Nifia often has the opposite effect. The warm periods during ENSO events
allow energy accumulation in the ocean—atmosphere system, which may give rise to the
major storms during the successive La Nifia events. For example, in the tropical island of
Puerto Rico in the Caribbean, the severe drought in 2014-2015 is associated with the strong
El Nifio event of 2014-2016, with the peak Multivariate ENSO Index Version 2 (MELv2)
greater than 2.0 (https://psl.noaa.gov/enso/mei/, accessed on 1 May 2025). The severe
drought was followed by two major hurricanes in September 2017 during the La Nifia in
2016-2018 [27]. After that, a weak El Nifio in 2018-2020 is associated with a moderate dry
condition. How the coastal wetlands respond to and recover from the disturbances in the
context of more and more frequent alternating droughts and storms is less understood.

Multispectral optical images are widely used to assess the vegetation responses to
major disturbances, particularly greenness dynamics estimated using the normalized
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difference vegetation index (NDVI) or enhanced vegetation index (EVI) are used to monitor
the damage and recovery [28,29]. For example, the mangroves in Hong Kong were assessed
with NDVI and a rapid recovery was found after a super-typhoon in 2018. However, the
subsequent analyses of changes in canopy structure with airborne LiDAR images still
showed significant differences between the ‘recovered’ mangroves and their pre-storm
status [30]. Therefore, remote sensing information in addition to the greenness should
be explored and leveraged to differentiate the heterogeneous response of mangroves to
disturbances and recovery, and to help understand the underlying mechanisms.

This study aimed at the following questions: how the alternating droughts and
hurricanes impact coastal mangroves and what are the potential drivers or mechanisms
for the differentiated responses and recovery from major hurricanes? We hypothesized
that droughts might deteriorate the hurricane damage and retard the subsequent recovery
of coastal mangroves, and that multiple indices derived from remote sensing images
will complement the greenness index to monitor the damage and the recovery of coastal
mangroves in response to alternating droughts and storms. To answer the questions and
test the hypotheses, we used multiple indices based on multispectral images, including
spectral distance, greenness, and the mangrove vegetation index, to quantify the impact and
recovery. Furthermore, we applied spatial error models to explore the potential drivers that
differentiated the impact and recovery. Informed suggestions are discussed accordingly.

2. Methods
2.1. Study Areas

Tropical islands in the mid-Atlantic Ocean are prone to the disturbance of hurricanes,
which often originate from the western coast of Africa [31]. In the Caribbean, the island
of Puerto Rico at the eastern tip of the Great Antilles encountered over 30 hurricanes
that passed over or close by since 1900 [32]. Hurricane Irma, category 5, passed by on
6 September, and Hurricane Maria, high-end category 4, made landfall on the island on
20 September 2017, which devastated the coastal mangroves [33]. Aside from the major
hurricanes, the island experienced extreme droughts in 2014-2015 which caused mangrove
mortality, especially those along the southern coast [34].

The total distribution of estuarine forest, scrub/shrub wetlands, including mangroves
and associates, was estimated to occupy approximately 10,000 ha in wet and dry regions
along the coast [6,35]. Basin and riverine mangroves are mostly found in the north and the
east, while fringe and over-wash mangroves are mostly in the south and the southwest. The
largest mangrove forest, the Pifiones State Forest near San Juan airport, occupies 1660 ha in
the northeast (PIN in Figure 1). The annual rainfall there is as high as 1800 mm, and the
canopy height can be more than 20 m with a tree density of more than 2000 per ha [36].
Annual average rainfall at Pifiones after the hurricanes in 2018-2023 was only 5% lower
than the normal rainfall. However, in the southwest, the dry orographic rain shadow of the
central mountains leads to less than 1000 mm annual rainfall, and the mangrove trees in
La Parguera (PAG in Figure 1) are lower than 10 m with a tree density of 1600 per ha [33].
Additionally, the rainfall after the hurricanes was almost 30% lower than the normal rainfall.

2.2. Datasets Preparation

We chose Sentinel-2 optical images from 2016 to 2023 to explore the damage and the
recovery of the coastal mangroves in Puerto Rico after the hurricane disturbance in 2017.
The satellites of Sentinel-2 were launched on 23 June 2015 (Sentinel-2A) and 7 March 2017
(Sentinel-2B), respectively, and together they provide multispectral images with a revisit
time of 5 days. Recently Sentinel-2C was launched on 5 September 2024, which will later
replace the Sentinel-2A. The spatial resolutions for the 13 bands are 10, 20, and 60 m, ranging
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from the visible and near-infrared to the shortwave infrared bands in the spectrum (https:
/ /www.esa.int/ Applications/Observing_the_Earth/Copernicus/Sentinel-2, accessed on
1 May 2025). We used the Level-2A Surface Reflectance (SR) product of the Harmonized
Sentinel-2 MultiSpectral Instrument (MSI), archived at the Google Earth Engine [37]. This
dataset fixed the scenes with a value shift after 25 January 2022.
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Figure 1. (a) Location of Puerto Rico between the Atlantic Ocean and the Caribbean Sea; (b) elevation
profile of Puerto Rico; and (c) normal rainfall in Puerto Rico. The eight mangrove sites are denoted
using the red boxes in (c). The site of PTU is quite small, thus appearing as a point on the map. The
red line is the path of Hurricane Maria, which traversed the island from the southeast near PTU to
the northwest. PAG-La Parguera, JOB-Jobos Bay, PTU-Punta Tuna, PST-Punta Santiago, RES-Rio
Espirito Santo, PIN-Pifiones, TBA-Toa Baja, and CIB-Cibuco.

In the humid tropics, clouds and cloud shadows are one of the major concerns for the
applications of multispectral optical images to monitor land changes [38]. To address the
challenge, we did the following two steps: First, we applied the Cloud Score+ [39] to mask
out the areas with high cloud/shadow probability. The Cloud Score+ is an algorithm of
quality assessment (QA) on optical satellite imagery. The QA band of ‘cs’, from the dataset
of Cloud Score+ S2_HARMONIZED at Google Earth Engine, scores the usability of the
Sentinel-2 MSI Level-2A images regarding surface visibility. For each individual pixel, the
‘cs’ value ranges from 0 to 1, with 1 indicating ‘clear” observations. A threshold of 0.5-0.65
was suggested and we chose a threshold of 0.65 for the masking. Then, we made a median
composite by calculating a median across the image collection taken in a specific time range
as described below.
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To assess the damage and recovery of the coastal mangroves, we selected four time peri-
ods to represent the mangrove status: before (September 2016-December 2016), a short time
after (20 September 2017-31 December 2017), 1 year after (September 2018-December 2018),
and 6 years after (September 2023-December 2023) the hurricanes, which were denoted as
PRE, STORM, 1-YEAR, and 6-YEAR, respectively. We chose a range of ~4 months for each
period to ensure enough images/pixels left for analysis after removing clouds/shadows.

We extracted the coastal mangrove distributions from the NOAA Coastal Change
Analysis Program (C-CAP) [35] according to the land cover types of the Estuarine Forest
Wetland and Estuarine Scrub/Shrub Wetland. We further resampled the mangrove distri-
bution from the original 2 m resolution to 10 m to match the resolution of the Sentinel-2
images. Specifically, we explored the mangrove recovery of large patches in Cibuco, Toa
Baja, Pifiones State Forest, Rio Espirito Santo, Punta Santiago Humacao Natural Reserve,
Punta Tuna Wetlands Natural Reserve, East of Jobos Bay (within Aguirre State Forest), and
La Parguera (Table 1). These eight sites represent the large mangrove patches along the
coast, covering the various mangrove types from the wet north and east regions to the dry
south and southwest regions (Figure 1c). Among the mangroves’ sites, Punta Tuna (PTU) is
the closest to the landfall of Hurricane Maria, and thus experienced the strongest Hurricane
direct impact; La Parguera (PAG) is the furthest to the Hurricane Maria’ path and is located
at the left side of the hurricane, and so it encountered the smallest direct hit.

Table 1. Eight mangrove sites along the coast of Puerto Rico.

Distance to

Abbreviation Site Name Area (ha) M(.ean Mean Slope  Maria’s Path
Elevation (m)
(km)
PAG La Parguera 359.16 0.58 0.50 71
JOB Jobos Bay 556.53 0.57 0.59 27
PTU Punta Tuna 10.20 1.79 0.92 7
PST Punta 375.05 1.31 0.35 18
Santiago
RES Rio Espirito 365.13 1.03 0.82 37
Santo
PIN Pinones 1445.64 0.51 0.18 32
TBA Toa Baja 268.47 0.67 0.65 21
CIB Cibuco 300.31 1.11 0.67 15

2.3. Image and Statistical Analyses
2.3.1. Spectral Distance, Enhanced Vegetation Index, and Mangrove Vegetation Index to
Quantify the Hurricane Impact and Recovery

We quantified the change and recovery of mangroves with spectral distance involving
all bands, among which the shortwave infrared bands are sensitive to moisture content
and are especially important for wetland detection [40,41]. Using the period before the
storm (PRE) as a reference, we assessed the change in the coastal mangroves from PRE to
STORM period, 1-YEAR-after, and 6-YEAR-after, respectively [42]. The spectral distance
was computed both as Euclidean distance and as spectral angle mapper. Smaller values in
the spectral distance indicate more similarity to the reference spectrum (PRE). We think
these spectral distances are better for analyzing the hurricane impact and the recovery of
mangroves than enhanced and normalized difference vegetation indices, particularly due
to the incorporation of all bands from visible to shortwave infrared.

Another measurement is the mangrove vegetation index (MVI), which is defined as the
ratio of the difference between near infrared and green bands over the difference between
shortwave infrared and green bands [41]. Therefore, the MVI includes both the greenness
and moisture components, and the latter is especially important for wetlands. The MVI
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was originally used to map healthy mangroves which were identified with MVI as having
> a threshold of 4.5. A lower threshold of 3.5 was also suggested for small mangroves in
dry areas. For comparison purpose, we also computed the NDVI and EVI. The image and
statistical analyses were conducted at Google Earth Engine and ArcGIS Pro version 3.2
(ESRI, Redlands, CA, USA) platforms.

2.3.2. Potential Drivers to the Impact on and the Recovery of Coastal Mangroves

Since Maria made a landfall as a high-end category 4 hurricane and traversed the island
from the southeast to the northwest, while Irma just passed by the island without making
landfall, the impacts of Maria dominated [14]. To explore the drivers of the hurricane impact
on and the following recovery of the mangroves, we analyzed the external drivers from
the major hurricane, which included the distance to the path of Hurricane Maria and the
interpolated storm rainfall and gusty wind [14], as well as the geomorphological variables,
such as elevation and slope. Normal rainfall was also included to signify the spatial
variation of average climate condition. The rainfall in 2018 and that during 2018-2023
were used to explore their impacts on the recovery. Rainfall data in 2018-2023 were
extracted from the dataset of Climate Hazards Center InfraRed Precipitation with Station
data (CHIRPS), archived at Google Earth Engine [43], whereas the normal rainfall was
interpolated from the records of the meteorological stations downloaded from the NOAA
climate data center.

We applied spatial error models to analyze the dependence of spectral distance from
PRE to STORM period, 1-YEAR-after, and 6-YEAR-after, respectively, on the abovemen-
tioned drivers. The spatial error model explicitly considers the spatial autocorrelation of
errors of a linear regression model by incorporating a spatial error matrix on the neighbor-
hood structure (Equation (1)).

y=xB+u u=AWu+e (1)

where y denotes the dependent variable, x denotes the independent variables, § denotes
the coefficient matrix to be estimated, and # denotes the spatial error matrix. W denotes the
weight matrix determined by the neighborhood structure. A is the spatial autocorrelation
coefficient. ¢ is the normal independent and identically distributed residual. The spatial
neighborhood weight was calculated based on four nearest neighbors. We randomly
sampled around 1000 pixels for each spatial regression. For each regression, we iteratively
selected the explanatory variables by achieving the minimum Akaike information criterion
(AIC), a widely accepted index that balances model complexity and likelihood of the model.
Specifically, we first fit a full model with all the explanatory variables, then we iteratively
eliminated the variable if the variable was not significant and dropping the variable could
lead to the biggest decrease in AIC. The R package of ‘spatialreg’ in R version 4.3 was used
for the spatial regression [44,45].

3. Results
3.1. Mangroves Recovery with the Spectral Distance from Pre-Storm Status

After the storm hit, we found great spectral distances in coastal mangroves with
respect to the pre-storm stage. The spectral distance in general decreased with the distance
to the path of Hurricane Maria (Figure 2a). The spectral angle mapper (SAM) has a mean
and one standard deviation as 0.21 £ 0.14 and reached the highest of 0.43 =+ 0.19 for the
mangroves at Punta Tuna (PTU), which has the closest distance to the place of Maria’s
landfall (Figure 2a). It has the lowest of 0.12 &= 0.09 at the State Forest of Boquerén, located
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west of La Parguera in the southwest (PAG), where it is the furthest from the hurricane
path and located at the lower left side of the path.

0.45 80 2800
(a) mSAM_After SAM_1Year m2014 ®=2015 m=2016 (b)
0.40 mSAM_6Year  —Distance_Marial 70’§ 2400 2017 =2018 m=18_2
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Figure 2. (a) The mean spectral angle mapper after the hurricanes (SAM_After), 1 year (SAM_1Year)
and 6 years (SAM_6Year) after the hurricanes at the mangrove sites with respect to pre-storm status.
The gray line in each bar is one-side standard deviation. Distance_Maria, distance to the Maria’s
path in km. (b) Annual precipitation for the years of 2014-2018, and mean annual precipitation in
2018-2023 (labelled as 18_23).
One year later, the spectral distance changed little, with a SAM mean + STD of
0.21 4 0.13 (Table 2). Most of the sites showed less than 5% in the changes, except the man-
groves at the Pifiones forest (PIN), where the SAM changed from 0.30 after the hurricanes
to 0.26 1 year after (12% reduction). The two sites, PAG and JOB, in the southwest and
south dry region, even showed an increase of 4%.
Table 2. Spectral distance in Euclidean distance and spectral angle mapper (mean + STD) after the
hurricanes, 1 year after, and 6 years after from the pre-hurricane status.
Site After 1 Year Relatgve Reduction 6 Year Relat.lve Reduction
in 1 Year in 6 Years
,,,,,,,,,,,,,,,,, Spectral Angle Mapper (SAM)
PAG 0.12 + 0.09 0.13 + 0.09 —4% 0.10 £0.10 16%
JOB 0.20 = 0.14 0.21 +0.14 —4% 0.11 +=0.10 45%
PTU 0.43 + 0.19 0.43 +0.19 1% 0.17 £ 0.13 60%
PST 0.22 £0.12 0.21 £ 0.12 1% 0.05 £ 0.07 75%
RES 0.18 £0.11 0.17 £0.11 5% 0.09 £0.11 50%
PIN 0.30 £0.13 0.26 £0.13 12% 0.06 £ 0.05 79%
TBA 0.19 £0.11 0.18 £ 0.11 2% 0.09 = 0.10 53%
CB 026012 025%012 5% 01010 0%
. ____________ FEuclideanSpectral Distance
PAG 0.100 £ 0.066 0.103 + 0.067 —3% 0.075 £+ 0.064 25%
JOB 0.117 £ 0.068 0.121 + 0.069 —3% 0.070 £ 0.053 40%
PTU 0.280 + 0.106 0.278 + 0.104 1% 0.127 + 0.057 55%
PST 0.200 £ 0.080 0.199 £+ 0.077 1% 0.064 £ 0.050 68%
RES 0.121 £ 0.066 0.120 = 0.070 1% 0.073 + 0.074 39%
PIN 0.191 + 0.080 0.165 + 0.077 13% 0.063 + 0.043 67%
TBA 0.136 + 0.071 0.130 £ 0.071 4% 0.082 £+ 0.069 40%
CIB 0.137 &= 0.065 0.133 + 0.066 3% 0.081 + 0.065 41%

However, the recovery in 6 years is quite spatially heterogeneous both across and

within the sites (Figure 3). After six years, the mean SAM across all sites decreased by
57%, reaching 0.09 £ 0.09 compared to 0.21 & 0.14 after the hurricanes (Table 2). The
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mangroves at Pifiones (PIN) and Punta Santiago (PST) showed the largest decreases of 79%
and 75% to 0.06 and 0.05, respectively, implying the fast recovery. Although the mangroves
at Punta Tuna (PTU) showed a 60% decrease in SAM, the remaining mean value of 0.17
is still relatively high, featuring slower recovery. The other five sites had a mean SAM of
around 0.1. The visual inspection of the high-resolution images shows patches of mangrove
mortality within these sites (e.g., Figure Al). The mangroves at the State Forest of Boquerén
(PAG) exhibited the lowest reduction of 16% in SAM with the mean value changing from
0.12 to 0.13 in one year (further damage) to 0.10 in six years (Figure 3c).

. After
_fo_,
. f 1-Year
"‘, 6-Year
1 2Km
After
== 0.01-0.05
B 0.05-0.1
= 0.1-0.15
0.15-0.2
02025 1-Year
0.25-0.3
= 0.3-0.4
= 0.4—1
6-Year
1 2Km
T T N Y T |

Figure 3. Spectral angle mapper after the hurricanes (After), 1 year, and 6 years after with respect
to pre-storm status at the mangrove sites of (a) PIN-Pifiones, (b) PST-Punta Santiago, (c) PAG-La
Parguera, and (d) RES-Rio Espirito Santo.

Similarly, the mean Euclidean spectral distance cross-site is 0.15 £ 0.087 immediately
after the hurricanes, and Punta Tuna (PTU) had the greatest mean of 0.28 £ 0.11. The
second highest impact was found at Punta Santiago near Humacao (PST) with the value
of 0.20 £ 0.08, and this site is only 18 km away from the path of Maria. The Euclidean
spectral distance after the hurricanes is much lower at La Parguera (PAG) with a mean of
only 0.1 & 0.066. The recovery in terms of the Euclidean spectral distance showed a similar
pattern as that in SAM, i.e., the mangroves at Pifiones (PIN) and Punta Santiago (PST)
showed the largest recovery, and those at Punta Tuna (PTU) recovered slowly (Table 2).

3.2. Potential Drivers of Mangrove Damage and Recovery

The regression of the spectrum distance after the hurricanes with respect to pre-storm
status (SAMstorm and Distancestorm for SAM and Euclidean distance, respectively) of
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hurricane forces and local environment (Equations (2) and (3)) showed that hurricane
damage decreased with elevation and slope, but increased with the storm rainfall, gust
windspeed, and the normal rainfall. The spatial variation in storm damage is thus mostly
determined by topography, e.g., elevation and slope, so that mangroves in lower and
flatter areas encountered more damage. Additionally, mangroves in wetter regions or those
experiencing stronger hurricane forces such as heavier storm rainfall or stronger winds
encountered more damage (Equations (2) and (3)).

SAMgstorm = —0.52DEM — 0.17Slope + 0.12Rainnorm + 0.11Raingrorym + 0.09Gustsrorm + 0.25 (2)

Distancestorm = —0.28DEM — 0.19Slope + 0.19Rainnorm + 0.06Raingrorpm +0.24  (3)

where DEM and Slope are elevation and slope, respectively; Rainyorm, Rainstorm, and
Guststorym are normal rainfall, hurricane rainfall, and hurricane gusty winds, respectively.
All variables were standardized so that the coefficient thus indicates the relative importance
of the corresponding variable. The spatial autocorrelation coefficient, A, is 0.64 and 0.57 for
Equation (2) and Equation (3), respectively. All the p-values for the coefficients are < 0.05.

The period of the last quarter of 2017 and the year of 2018 was dry, and the drought
was especially severe in the southwest and the south. The sites at La Parguera (PAG) and
Jobos Bay (JOB) received only 710 mm and 629 mm of rainfall in 2018, respectively. The
rainfall status in the 6 years after the hurricanes is still not abundant, but it is better than
the year 2018 for these two sites, with 791 mm for PAG and 707 mm for JOB.

The recovery in one year was predominantly determined by the severity of damage
by the storms (SAMgsrorym or Distancestorpm), and to a much lesser degree by the rainfall in
the year after the storms, e.g., better recovery in areas with more rainfall in 2018, Rairnygg
(Equations (4) and (5)). The recovery in 6 years was still dependent on the storm damage,
but the coefficients decreased from greater than 0.9 for 1 year (Equations (4) and (5)) to
less than 0.4 (Equations (6) and (7)). Rainfall during the recovery period, Rainyyig2023, and
normal rainfall, Rainnorm, played a key role in the recovery so that better recovery of
mangroves appeared in wetter areas (Equations (6) and (7)).

SAM]YEAR = 0.96SAM5TORM — 0.04Rain2018 +0.03 (4)

Distanceiypar = 0.97Distancestorn + 0.04Slope — O.OBRain2018 +0.02 (5)

SAM6YEAR = 0-3SAMSTORM — O.OSRlZinNORM - 0.06Rain201g_2023 + 0.08 (6)

Distancegypar = 0.38Distancestorm — 0.07Rainyorpy — 0.04Rain +0.1 7)

2018-2023/norm

where SAM1ypar and Distancerygar are SAM and Euclidean distance 1 year after the hurri-
canes, respectively; SAMgypar and Distancesypar are SAM and Euclidean distance 6 years
after the hurricanes, respectively. Raingy1s-2023 is mean annual rainfall during 2018-2023,
and Rainyp1g-2023 /morm 1S the ratio of Rainggig_no23 to the normal rainfall Rainnorm. A is 0.59
and 0.58 for Equation (4) and Equation (5), respectively, and A is 0.57 and 0.52 for Equation
(6) and Equation (7), respectively. All the p-values for the coefficients are <0.05.

3.3. Response of Mangrove Greenness and Mangrove Vegetation Index

Both EVI and NDVIshowed a dynamic greenness pattern spatiotemporally (Figure A2),
thus we only analyzed the EVI dynamics in the following: Mangroves at the sites of Punta
Santiago (PST) and Punta Tuna (PTU) at the east and the southeast had the highest EVI
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before the hurricanes, with the mean + STD of 0.69 £ 0.11 and 0.63 & 0.11, respectively
(Figure 4a). Although the two dry sites at southwest and south (PAG and JOB) had low
EVI (<0.5) before the hurricanes, the EVI pattern showed the largest spatial heterogeneity,
with standard deviations around 0.2 compared to the others around 0.1 (Figure 4b). Hur-
ricane Maria reduced greenness greatly for all sites and the impact reached the strongest
at Punta Tuna (PTU) with a 63% reduction, leaving only a mean £ STD of 0.23 + 0.26 for
the site (Figure 4a). Mangroves at Pifiones (PIN) experienced a 50% EVI cutoff. All sites
except La Parguera (PAG) had increased spatial heterogeneity in EVI after the hurricanes
(Figure 4b). Specifically, the spatial heterogeneity in EVI reached the highest with the stan-
dard deviation of 0.26 at Punta Tuna (PTU), more than double of that before the hurricanes
(0.11). Mangroves at La Parguera (PAG) showed a decreased spatial heterogeneity instead
(Figure 4b).

(a)

PAG

JoB

0.3
Before u After Before u After

0O1_Year_after m6_Year_after

O1_Year_after m6_Year_after

0.2
PAG

Figure 4. (a) EVI and (b) standard deviation of EVI before, after, 1 year after, and 6 years after the
hurricanes at the eight mangrove sites.

Standard Deviation of EVI

PST

The two dry sites (PAG and JOB) encountered a severe drought in 2018 (Figure 2b) and
the EVI in 2018 was even lower than those after the hurricanes (Figure 4a). The mangroves
of the other sites had increased greenness in 2018, and the increase at Pifiones (PIN) was
especially strong, from 50% of the pre-hurricane EVI after the hurricanes to 59% in one
year (Figure 4a). The spatial heterogeneity in greenness 1 year after stayed the same or
showed a slight increase compared to that after the hurricanes (Figure 4b). After 6 years,
all sites showed increased greenness and the greenness at sites of PST, PIN, and TBA fully
returned to that before the hurricanes (Figure 4a). The two dry sites and Punta Tuna (PTU)
had the slowest recovery in greenness and the EVI after 6 years is 81-84% of that before
the disturbance (Figure 4a). However, only at PIN, the spatial heterogeneity of greenness
(in terms of standard deviation of EVI) returned to that before the disturbance (Figure 4b).
All other sites still showed increased spatial heterogeneity after 6 years, especially at PTU
(0.27 of EVI standard deviation compared to 0.11 before the hurricanes). Figure 5 shows
the spatially differentiated recovery in greenness of the mangroves at three representative
sites: PAG with slow recovery, RES with spatially heterogenous partial recovery, and PST
with almost full recovery in greenness.

We also compared the mangrove vegetation index before the hurricanes and 6 years
after the hurricanes (Figure 6). Before the hurricanes, Pifiones (PIN) and Punta Tuna (PTU)
had 79% and 77% of healthy mangroves with the MVI > 4.5, respectively [41], and the
proportions are the highest among the sites. However, 6 years after the hurricanes, the
healthy mangroves covered 75% of the area at Pifiones (PIN), but only 10% at Punta Tuna
(PTU). This result thus implies a major difference to the pre-hurricane healthy mangrove
coverage at Punta Tuna (PTU in Figure 7). Coverage of healthy mangroves at Punta Santiago
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(PST) and Toa Baja (TBA) recovered 6 years after the hurricanes, while the recovery of
healthy mangroves at Cibuco (CIB) and Rio Espirito Santo (RES) is patchy, with mangrove
mortality happening in the lowest part of Canal Las Pozas at CIB (lower middle) and along
the lowest part of Canal Rodriguez at RES (left middle) (CIB and RES in Figure 7). At the
dry site of La Parguera (PAG), the proportion of mangroves with MVI > 4.5 increased.
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Figure 5. EVI pattern at the sites of La Parguera (PAG), Rio Espirito Santo (RES), and Punta Santiago
(PST) before, after, 1 year after, and 6 years after the hurricanes. PAG with slow recovery, RES with
spatially heterogenous partial recovery, and PST with almost full recovery in greenness.
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Figure 6. Percent of areas with mangrove vegetation index (MVI) > 4.5 at the eight mangrove sites
before the hurricanes and 6 years after the hurricanes.
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mangrove sites. The scale for PTU is different from others.

4. Discussion

Topography, e.g., elevation and slope, plays the most important role in determining the

hurricane damage to mangroves for this case study, followed by the hurricane forces and

normal rainfall, as indicated by the larger coefficients before the variables of topography

in the Equations (2) and (3). Although hurricane wind is a major concern in terms of
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damaging the forest canopies [9], geomorphology determines the depth and length of
the period of inundation, which also greatly challenges the survival of coastal mangroves.
Hurricane Maria traversed the island with a sustaining windspeed of 249 km h~! at landfall.
According to existing studies on hurricane disturbance in East Caribbean mangroves, the
relationship between the damage and the wind speed follows a sigmoidal curve, and a
maximum slope at 130 km h~! for a high canopy and 180 km h~! for a low canopy was
suggested [9]. The windspeed of Hurricane Maria well exceeded these thresholds; therefore,
geomorphology becomes the most determined driver to explain the spatial variations of
the damage in this study.

The negative coefficients before the elevation and the slope in the Equations (2) and
(3) indicated that mangroves at lower, flatter areas experienced more damage. This aligns
with the existing findings from the LiDAR studies. For that, canopy height reduction
by the hurricanes, detected from LiDAR images, revealed that lower-lying mangroves
had more canopy height reduction [33,36]. In addition to the immediate hurricane wind
damage [9], torrential rainfall and storm surges would lead to extended flooding at low-
lands, as revealed from the SAR images taken after the disturbance [46,47], and the lengthy,
deep floodings were associated with the delayed mangrove mortality in the literature.
Therefore, topographic depressions are susceptible to a high chance of extended flooding
for mangroves after major hurricanes. Although the aerial roots of mangroves can help
take in oxygen, prolonged inundation may immerse the pneumatophores to prohibit root
respiration and may suffocate mangroves [17,48,49].

The spatial regressions on mangrove damage (Equations (2) and (3)) also indicated
that mangroves growing in wet regions, i.e., high in normal rainfall, experienced more
damage than those in dry regions. This is probably because mangroves in wet regions
usually grow much higher than those in dry regions, and are thus more susceptible to
wind and rain damage. The airborne LiDAR flown over several mangrove transects in
Puerto Rico in the spring of 2017 revealed a canopy height of 12.6 & 4.4 m (mean & STD) at
Pifiones with about 1800 mm of annual rainfall, in comparison to the height of 6.2 £ 1.8 m
at La Parguera with less than 1000 mm of annual rainfall [33,36]. Additionally, the analysis
of changes in canopy height derived from the LiDAR images found that higher canopies
experienced more height reduction by the hurricane [33,36], so mangroves in wet regions
with a high canopy could suffer more damage by hurricanes than those in dry regions with
a low canopy.

Drought retarded the recovery of the mangroves. Although mangroves’ recovery is
mostly determined by the severity of hurricane damage (Equations (4)—(7)) [16], sites with
sufficient rainfall, such as Pifiones (PIN), experienced fast recovery. On the other hand, the
mangroves at La Parguera (PAG) and Jobos Bay (JOB) showed continued degradation in
2018 due to the drought of the year (Figure 2a).

The dry sites in the south and southwest are more impacted by the alternating droughts
and hurricanes. Hurricanes often follow severe droughts, which greatly affects the forest
structures and functions [50]. The severe drought in 2014-2015 already led to significant
mangrove degradation and mortality in the south/southwest. In 2016, in the area of Cabo
Rojo, southwest of Puerto Rico, 43% of the 16 ha mangroves died, which is significant
compared to the all-living status in 1998 [51]. After the hurricane disturbance in 2017, the
drought in 2018 exacerbated the mangrove degradation at the dry sites of PAG and JOB
(Table 2) while the other wetter sites started to recover. The recovery at dry sites is the
slowest and still showed degradation after 6 years (Figures 4a and 5).

The damage and recovery patterns are highly spatial-heterogeneous for mangroves
(Figures 4 and 5). Most sites showed increased heterogeneity in EVI after the hurricanes,
and that at Punta Tuna (PTU) even doubled compared to the value before hurricanes from
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0.11 to 0.26. However, mangroves at La Parguera (PAG) showed decreased heterogeneity
partly due to the continued degradation during the previous drought damage (2014-2015)
and the hurricanes in 2017 and the degradation in 2018 because of the post-hurricane
drought (Figures 2b, 4b and 5). During the gradual recovery in 6 years, most sites except
Punta Tuna (PTU) and La Parguera (PAG) showed decreased heterogeneity. The mangroves
at PTU had an increased standard deviation of EVI to 0.27 in 6 years, implying increased
spatial heterogeneity during recovery. The site of La Parguera (PAG) also showed an
increased standard deviation of EVI, from 0.2 (pre-hurricane) down to 0.18 (after and 1 year
after) and up to 0.22 (6 years after).

Ground observations at Punta Tuna (PTU) showed that since Hurricane Maria made
landfall close by, the damage was the most severe, with most mangroves dead and seeds
and seedlings washed away. Unlike other sites, mangroves’ recovery is very limited and
needs human aid for restoration. The increased greenness reflected in EVI came mostly
from vegetation other than mangroves, such as Annona glabra [52]. The ground observation
aligned well with the result of the mangrove vegetation index so that there were only 10%
healthy mangroves (MVI > 4.5) 6 years after the hurricanes, compared to 76% before the
hurricanes. The lack of recovery at sites with severe damage was also reported in the
literature. In St. John, U.S. Virgin Islands, limited mangrove regeneration was reported
28 months after the major hurricanes, and the potential lack of a propagule source was
proposed as one of the limiting factors due to the severe damage [7]. In Lesser Antilles,
some red mangroves had not recovered 10 years after a hurricane, and the hypothesis was
the loss of pre-established seedlings and the difficulty for new propagules to be grown due
to the local environment [22].

The patchy mortality along the canals and the rivers appeared at some sites
(Figures 5 and 7), such as Canal Rodriguez near Rio Espirito Santo (RES) and Canal Las
Pozas at Cibuco (CIB) (Figure A1), which contributed to the high spatial heterogeneity
pattern in recovery. The mangroves in these local lowlands were dead and did not show
significant regrowth recently (Figure A1), possibly due to the prolonged inundation there
as revealed by the SAR images [47]. Delayed mortality of mangroves was also reported
in Florida, USA and Northwest Australia [17,19]. Smothering by storm surge deposits on
mangrove roots was attributed to the delayed mortality of mangroves at the landfall sites
in southwest Florida after Hurricane Irma in 2017 [17].

The analysis with the spectral distance, other than solely with greenness such as EVI,
showed better discrimination among the spatially heterogeneous damage and recovery.
EVlis limited by using the information from only three bands and it ranges from 0.37 to 0.69
across the sites 6 years after the hurricanes, whereas the spectral distance used information
of all-bands and it revealed greater variation in recovery across the sites than EVI, e.g.,
ranging from 0.05 to 0.17 in SAM. While greenness recovered rapidly, the spectral distance
showed more differentiated recovery patterns and helped in exploring the underlying
mechanisms and drivers that led to the heterogeneous impact and recovery. For example,
EVI at both Toa Baja (TBA) and Pifiones (PIN) fully recovered in 6 years, however, spectral
distance revealed a differentiated degree in recovery between these two sites. EVI at TBA
reached the mean of 0.54 in 6 years compared to 0.53 before the hurricanes and 0.36 after
the hurricanes, whereas SAM still showed large differences to pre-hurricane status with
the value of 0.09 6 years after compared to 0.19 after the hurricanes, only reduced by 53%.
However, SAM at PIN showed a 79% reduction to 0.06, which is closer to pre-hurricane
status. Therefore, the spectral distance is a better measurement for recovery heterogeneity
than greenness only.

The mangrove vegetation index significantly improved the discrimination of healthy
mangroves from other vegetation, which contributes further understanding of mangrove
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recovery. Specifically for Punta Tuna (PTU), although the mean EVI in 6 years reached 84%
of that before the hurricanes, only 10% of healthy mangroves, based on the MVI [41], came
back in 6 years, compared to 76% before the hurricanes, indicating a sluggish recovery
in mangroves.

The findings in this study are still limited by using the optical images only. Canopy
structure, especially canopy height, an important indicator of forests recovery, could
be detected by multiple LIDAR campaigns. Moreover, since inundation plays a more
important role than other factors in delayed mangrove mortality, incorporation of SAR
images, especially L-band SAR, will help derive spatiotemporal patterns in inundation.
Further multi-source studies involving multi-temporal optical, SAR, LiDAR, and ground
surveys will provide a more comprehensive understanding of coastal mangrove response
to changes in climate variability, such as alternating severe droughts and major storms.

5. Conclusions

How coastal wetlands respond to the alternating extreme climate events is of great
concern in regard to the sustainability of providing important ecosystem services to the
coastal communities. By incorporating multiple indices of spectral distance, greenness,
and mangrove vegetation index derived from the optical images and applying spatial
error models, we improved the understanding of the underlying mechanism of coastal
mangroves in response to alternating severe droughts and major storms. We classified the
eight mangrove sites in the analyses into three categories in terms of the recovery trends
and mechanisms.

(1) Rainfall during recovery played a significant role. Sufficient rainfall facilitates recovery.
Sites with a large amount of rainfall, such as Pifiones (PIN) and Punta Santiago (PST),
had substantial recovery in 6 years. On the other hand, scarce rainfall or drought,
such as the cases of La Parguera (PAG) and Jobos Bay (JOB), retards the recovery.
Hurricanes aggravated the mangrove degradation at dry sites with the pre-hurricane
droughts, and the drought after the hurricanes further exacerbated it and the recovery
process was largely retarded.

(2) Topography and associated hydrology partly determine the chances of recovery.
Topographic depressions along the lowest canals/rivers are susceptible to extended
flooding which might suffocate mangrove roots and attribute to the delayed mortality
at Rio Espirito Santo (RES), Cibuco (CIB), or Toa Baja (TOA).

(38) The severity of damage is the primary factor to limit recovery. When the damage
is too severe, such as that at Punta Tuna (PTU) next to the hurricane landfall, the
recovery is sluggish, potentially due to the loss of pre-established seedlings/saplings
and the unfavorable environment for new propagules establishment. Efforts such as
reconnecting tidal hydrology are needed for the mangrove system restoration [15].

This study benefits from applying multiple indices other than greenness only to
the monitoring of mangroves. Further studies are in need to involve optical, LiDAR,
and SAR images for changes in mangrove forest structure and the roles of hydrology in
mangrove dynamics.
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