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Abstract

Hurricanes are powerful tropical storms that can severely damage mangrove forests
through uprooting trees, sediment erosion, and saltwater intrusion, disrupting their critical
role in coastal protection and biodiversity. After a hurricane, evaluating mangrove damage
helps prioritize rehabilitation efforts, as these ecosystems play a key ecological role in
coastal regions. Thus, we analyzed the defoliation of mangrove forest canopies and their
early recovery, approximately 2.5 years after the landfall of Category 3 Hurricane Roslyn
in October 2002 in Marismas Nacionales, Mexico. The following mangrove traits were
analyzed: (1) the yearly time series of the Combined Mangrove Recognition Index (CMRI)
standard deviation from 2020 to 2025, (2) the CMRI rate of change (slope) following the
hurricane’s impact, and (3) the canopy height model (CHM) before and after the hurricane
using satellite and UAV-LiDAR data. Hurricane Roslyn caused a substantial decrease in
canopy cover, resulting in a loss of 47,202 ha, which represents 82.8% of the total area
of 57,037 ha. The CMRI standard deviation indicated early signs of canopy recovery in
one-third of the mangrove-damaged areas 2.5 years post-impact. The CMRI slope indicated
that areas near the undammed rivers had a maximum recovery rate of 0.05 CMRI units per
month, indicating a predicted canopy recovery of ~2.5 years. However, most mangrove
areas exhibited CMRI rates between 0.01 and 0.03 CMRI units per month, anticipating
a recovery time between 40 months (approximately 3.4 years) and 122 months (roughly
10 years). Unfortunately, most of the already degraded Laguncularia racemosa forests dis-
played a negative CMRI slope, suggesting a lack of canopy recovery so far. Additionally, the
CHM showed a median significant difference of 3.3 m in the canopy height of fringe-type
Rhizophora mangle and Laguncularia racemosa forests after the hurricane’s landfall.

Keywords: Sentinel-2; Laguncularia racemosa; Rhizophora mangle; CMRI; UAV LiDAR

1. Introduction
Hurricanes are powerful atmospheric phenomena characterized by strong winds,

heavy rainfall, and intense low-pressure systems [1]. These storms form over warm ocean
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waters in tropical and subtropical regions, fueled by the heat from the water. Hurricanes
are classified on the Saffir–Simpson scale, which ranges from Category 1 (119–153 km/h) to
Category 5 (greater than 252 km/h), based on wind speeds and potential damage [2]. Due
to their intense winds, hurricanes can cause widespread destruction, including uprooting
trees, damaging buildings, causing power outages, and triggering massive flooding, par-
ticularly in low-lying areas [3]. While hurricanes are a natural occurrence, several studies
have noted that sea surface temperatures and climate change can affect their intensity
and frequency [4].

Mangroves are exceptionally resilient coastal ecosystems that play a vital role in
shoreline protection and biodiversity support [5]. These distinctive trees and shrubs possess
unique adaptations that enable them to thrive in challenging intertidal environments, where
they endure extreme conditions such as fluctuating salinity, powerful tidal currents, and the
intense forces associated with tropical storms and hurricanes [6]. Additionally, their dense
and flexible root systems effectively stabilize sediments and reduce the impact of strong
winds and wave action [7]. These evolutionary traits enable mangroves to withstand the
immediate effects of hurricanes and facilitate rapid recovery and regeneration following
such events [8].

While mangroves are remarkably resilient and have developed various adaptations
to withstand extreme weather conditions, hurricanes can still result in considerable mor-
tality and fragmentation within these coastal forests [9]. Intense winds and storm surges
associated with hurricanes can severely compromise the physical integrity of mangroves
by uprooting trees, breaking branches, and damaging main trunks, and in certain coastal
environments, hurricane-generated waves can deposit sediment layers across mangrove
stands, potentially leading to root suffocation and tree mortality [10]. Additionally, hurri-
canes can obstruct or alter tidal channels, disrupting the essential water exchange processes
that mangroves rely on for nutrient flow and oxygenation [11]. These hindrances can
negatively impact mangrove regeneration, affecting the health of a forest [12]. Over time,
the cumulative effects of these disturbances can fragment mangrove habitats, making them
more vulnerable to future storms and reducing their ability to protect coastal areas from
shoreline erosion and storm surges [13].

Remote sensing has been a technology of utmost importance for monitoring and
assessing the impact of hurricanes on mangrove ecosystems [14]. Using satellite imagery,
aerial photography, and other remote sensing platforms [15], such as unoccupied or un-
manned aerial vehicles (UAVs), it is possible to collect large-scale, high-resolution data on
the health and structure of mangroves before, during, and after storm events [16]. Sev-
eral investigations into mangroves have demonstrated that these technologies can detect
physical damage, such as tree mortality, canopy loss, and forest fragmentation, providing
valuable information on the extent of hurricane damage [17]. Additionally, remote sensing
enables the continuous, non-invasive monitoring of extensive and often inaccessible coastal
areas [18], thus supporting real-time damage assessments of mangrove resilience and
recovery [19]. In this sense, monitoring changes over time provides critical information
for understanding long-term trends in mangrove vulnerability to hurricanes and other
climate-related hazards [20]. Thus, the aim of this study was to assess the damage and
early recovery of the mangrove forest canopy following the impact of Hurricane Roslyn on
the Marismas Nacionales wetland system in Mexico.

2. Materials and Methods
2.1. Study Area

Marismas Nacionales is the largest coastal wetland system along the Pacific coast
of Mexico, spanning the states of Nayarit and southern Sinaloa (Figure 1a). Covering
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more than 200,000 ha, it represents one of the most extensive and ecologically important
mangrove ecosystems in the country [21]. The coastal wetland comprises a combination of
estuaries, coastal lagoons, tidal channels, and rivers, supporting numerous endemic and
migratory species of ecological and conservation importance [22]. The climate of Marismas
Nacionales is predominantly tropical in the southern region, transitioning to subtropical
in the north [23], where most rainfall occurs between June and October, coinciding with
the tropical storm and hurricane season [24]. The region’s hydrological dynamics are
primarily driven by freshwater inflows from two free-flowing rivers—the San Pedro and
Acaponeta—and by substantial tidal exchange with the Pacific Ocean, particularly through
the Cuautla Canal [25].

Figure 1. (a) Location of the Marismas Nacionales wetland complex on the northwestern coast of
Mexico. The basemap shows a digital elevation model (m) derived from freely available TOPEX data
https://topex.ucsd.edu/index.html (accessed on 18 July 2025). (b) Hurricane Roslyn’s approach
vector with the corresponding Saffir–Simpson Hurricane Scale at the south section of Marismas
Nacionales. The green circles show the position of the field photograph stations. The yellow
triangle and square indicate the locations of representative field photographs, showing examples of
Laguncularia racemosa (c) and Rhizophora mangle (d) monospecific forests after hurricane landfall.

Marismas Nacionales supports a diverse assemblage of neotropical mangrove species
characteristic of the eastern Pacific mangrove biome. The dominant species include Avicen-
nia germinans (black mangrove), Rhizophora mangle (red mangrove), Laguncularia racemosa
(white mangrove), and Conocarpus erectus (buttonwood) [26]. These species exhibit distinct
biophysical adaptations that enable them to thrive in specific zones along salinity and
tidal gradients. For example, Rhizophora mangle typically occupies the seaward fringe and
riverine margins, where its prominent prop root system provides shoreline stabilization
and sediment retention. Avicennia germinans and Laguncularia racemosa are more commonly
distributed in intermediate to landward zones, where conditions are marked by variable

https://topex.ucsd.edu/index.html
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salinity and reduced tidal inundation [27]. Conocarpus erectus, although not a true man-
grove, is frequently found in higher elevation areas with infrequent flooding, often forming
ecotonal transitions between mangrove forests and inland tropical deciduous forests [28].

Despite its ecological importance, Marismas Nacionales faces growing anthropogenic
pressures. The expansion of agricultural activities; the intensification of aquaculture, partic-
ularly shrimp farming; unsustainable fishing practices; and infrastructure development,
such as the opening of the Cuautla Canal in 1972, have contributed to habitat fragmen-
tation, water quality degradation, and consequential alterations to natural hydrological
regimes [29]. Furthermore, the escalating effects of severe weather events such as hurri-
canes pose substantial threats to the long-term sustainability of the mangrove ecosystem of
this coastal region [30].

Hurricane Roslyn originated from a low-pressure system located at the southwestern
coast of Mexico on 10 October 2022. Within a remarkably brief period of 18 h, it intensi-
fied from a tropical storm to a Category 4 hurricane, achieving peak sustained winds of
200 km/h. On 23 October 2022, Hurricane Roslyn made landfall near Santa Cruz in the
northern region of Nayarit as a Category 3 hurricane (Figure 1b), with sustained winds
registering at 163 km/h. The powerful winds generated by the hurricane caused exten-
sive damage, particularly in coastal regions. Numerous trees were uprooted, and heavy
rainfall led to flooding in low-lying areas. Meanwhile, the storm surge had an adverse
impact on coastal communities, resulting in the inundation of portions of roads and critical
infrastructure. It was locally reported that the most defoliated mangrove forests were the
monospecific stands of Laguncularia racemosa along the edges of the Agua Brava Lagoon
(Figure 1c) and Rhizophora mangle in the San Pedro River basin (Figure 1d).

2.2. Rainfall and Wind Data

We obtained hourly rainfall time series from the ERA5 reanalysis platform https:
//cds.climate.copernicus.eu/ (accessed on 8 June 2025) for the period spanning January to
December 2022 (Figure 2). ERA5, the fifth-generation climate reanalysis product developed
by the European Centre for Medium-Range Weather Forecasts under the Copernicus Cli-
mate Change Service, provided rainfall estimates at an approximately 30 km horizontal reso-
lution, making it particularly suitable for assessing long-term climate patterns. Additionally,
we acquired daily average rainfall data from the National Oceanic and Atmospheric Ad-
ministration (NOAA) Climate Prediction Center https://www.ncei.noaa.gov/cdo-web/
(accessed on 8 June 2025). This dataset incorporated both satellite-derived and ground-
based observations. The NOAA gridded rainfall data, covering the same study period
(January to December 2022), were downloaded in a NetCDF format through the Climate
Data Tools and Services interface.

For wind direction and speed analysis, we acquired two independent hourly datasets
covering the study area from January to December 2022. The first dataset comprised the u
and v wind components obtained from the ERA5 platform, as previously described. The sec-
ond dataset was derived from the Modern-Era Retrospective Analysis for Research and Ap-
plications, Version 2 (MERRA-2) platform https://gmao.gsfc.nasa.gov/reanalysis/merra-2
(accessed on 8 June 2025), a global atmospheric reanalysis product developed by NASA’s
Global Modeling and Assimilation Office. MERRA-2 provided a comprehensive, high-
resolution climate record spanning 1980 to the present, incorporating satellite observations
and ground-based measurements through advanced data assimilation techniques. The
dataset included hourly and monthly wind speed and direction data at multiple atmo-
spheric levels, including near-surface (10 m) and various pressure levels. With a spatial
resolution of approximately 0.5◦ latitude by 0.625◦ longitude, MERRA-2 is particularly
suitable for synoptic-scale climatological and meteorological studies. We accessed the

https://cds.climate.copernicus.eu/
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MERRA-2 wind data in NetCDF and HDF formats through the NASA Goddard Earth
Sciences Data and Information Services Center.

2.3. Mangrove Canopy Defoliation Time Series

Sentinel-2 multispectral imagery (Level-2A surface reflectance product at 10 m spatial
resolution) was employed to evaluate mangrove forest canopy conditions within the
Marismas Nacionales wetland system. To ensure data comparability while minimizing the
influence of image acquisition conditions, we used the harmonized Sentinel-2 collection
from https://developers.google.com/earth-engine/datasets/catalog/COPERNICUS_S2
_SR_HARMONIZED (accessed on 12 July 2025). A preliminary data quality filter was
applied in the Google Earth Engine (GEE), using the Scene Classification Layer (SCL) to
exclude pixels depicted as dark areas, cloud shadows, and those with varying probabilities
of cloud presence, including cirrus clouds [31]. After this filtering step, the Combined
Mangrove Recognition Index (CMRI) was calculated for all available satellite images
acquired during the dry season (January to June) from 2020 to 2025, using the same
GEE platform [32]. Several studies have incorporated the CMRI in assessing mangrove
ecosystem canopies across coastal regions due to its robustness in determining mangrove
health [33]. By integrating vegetation and moisture data, this spectral index provides a
comprehensive indication of mangrove conditions. The CMRI combines the Normalized
Difference Vegetation Index (NDVI), which captures canopy density and photosynthetic
activity, with the Normalized Difference Water Index (NDWI), which is sensitive to moisture
content in vegetation and adjacent waterways [34]. To ensure that the analysis focused
exclusively on mangrove forest cover, the CMRI images were masked using the 2020
mangrove extent from the CONABIO Mexican Mangrove Monitoring System. The CMRI
equation is as follows:

CMRI =
NIR − R
NIR + R

− G − NIR
G + NIR

where NIR, R, and G indicate the near-infrared, red, and green bands.
The standardization process was applied to enable comparisons of CMRI values across

different years by generating standardized anomalies https://yajvaljo.users.earthengine.
app/view/cmri--marismas2019-2025 (accessed on 12 July 2025). This process consisted
of calculating the CMRI of each pixel for a specific year (referred to as year i) using the
median to create biannual composites using all available data from 2019 to 2025. We
then standardized these data by subtracting each specific year from the multi-year mean
and dividing by its standard deviation for the period 2020 to 2025. The resulting maps
represent the number of standard deviations where each pixel deviates from the mean
from https://code.earthengine.google.com/ce8a2443d3c09a583a8466f5342ae166 (accessed
on 1 July 2025). These values were classified into eight categories: four indicating above-
average conditions and four indicating below-average conditions. The classification ranges
were 0–0.5, 0.5–1, 1–1.5, and greater than 1.5 standard deviations for both positive (above-
average) and negative (below-average) anomalies. The total areas of these classifications
were obtained in the open-source software QGIS v.3.42.2.

Monthly composites of the CMRI were analyzed to assess mangrove cover trends from
January 2023 to March 2025, using median values at a 10 m pixel resolution. A general
linear regression model was applied to estimate these trends [35], with the regression
slope (measured in CMRI units per month) indicating both the direction and magnitude
of canopy change. For instance, a positive slope value indicates an increase in mangrove
canopy density, probably due to natural regeneration. On the contrary, a negative value
suggests canopy degradation or a potential loss of mangrove cover. Additionally, field
photographs collected during multiple ground campaigns—conducted on 11–18 March

https://developers.google.com/earth-engine/datasets/catalog/COPERNICUS_S2_SR_HARMONIZED
https://developers.google.com/earth-engine/datasets/catalog/COPERNICUS_S2_SR_HARMONIZED
https://yajvaljo.users.earthengine.app/view/cmri--marismas2019-2025
https://yajvaljo.users.earthengine.app/view/cmri--marismas2019-2025
https://code.earthengine.google.com/ce8a2443d3c09a583a8466f5342ae166
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2023; 11–12 April 2023; 2–13 October 2023; 5–16 November 2023—were used to confirm the
gaps in the canopy from the remote sensing results. Ultimately, this approach successfully
mapped spatiotemporal patterns of mangrove canopy loss or recovery, providing valuable
insights for conservation and management efforts [36]. Additionally, representative pixels
were selected to extract time series from the monthly CMRI composites. The Mann–Kendall
test was applied to pixels dominated by Rhizophora mangle and Laguncularia racemosa, as
well as within the Agua Brava Lagoon and the San Pedro and Santiago river systems, to
assess significant differences in temporal trends (α = 0.05).

 

Figure 2. Flowchart for the Hurricane Roslyn assessment [37].

2.4. Canopy Height Models from Satellite and UAV Flight Missions

We employed global canopy height data for mangrove forests derived from TanDEM-
X spaceborne data collected in 2015. This dataset boasts a spatial resolution of 12 m
and an estimated vertical accuracy of 2.4 m [37]. This canopy height global database
is massive, so we selected the specific file for the south of Marismas Nacionales
(TDM1_DEM__04_N22W106_DEM_EGM08_GMW314_2015_WM_hcap_cal.tif), and it is
available for download from the following open access repository: https://daac.ornl.gov/
CMS/guides/CMS_Global_Mangrove_Forest_Ht.html (accessed on 1 July 2025).

Despite the 7-year interval between the collection of TanDEM-X data in 2015 and the
landfall of Hurricane Roslyn in 2022, we relied exclusively on the TanDEM-X data for our
assessment of mangrove canopy height prior to the hurricane’s impact. This decision was
made due to the absence of detailed field data within the study area. We obtained TanDEM-
X canopy height data specifically corresponding to the polygons where UAV surveys were
conducted using a LiDAR sensor in 2023. Readers are given the reference of Simard [37] for
a comprehensive description of the methodology employed in the TanDEM-X approach.

A total of seven UAV surveys were conducted within designated flight polygons,
which varied in size from 14 to 26 ha, at an altitude of 50 m. In these areas, we utilized a
Matrice 300 RTK UAV (DJI, Shenzhen, China) equipped with a Zenmuse L1 (DJI, Shenzhen,
China) LiDAR sensor to estimate the canopy height model (CHM) from a dense cloud
point arrangement [38]. The LDR file is imported into DJI Terra version 4.5, wherein the
point cloud is reconstructed and subsequently exported in a LAS format. From there,
this file is imported into CloudCompare v.2.14, which preprocessed the point cloud with
the Statistical Outlier Removal denoising algorithm and the Segment Out option. The
dense point clouds exhibited a range of ~250 to 300 points/m2. The CHM elevations were
estimated using the filtered point cloud in conjunction with the Cloth Simulation Filter

https://daac.ornl.gov/CMS/guides/CMS_Global_Mangrove_Forest_Ht.html
https://daac.ornl.gov/CMS/guides/CMS_Global_Mangrove_Forest_Ht.html
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plugin, applied to a flat scene at a cloth resolution of 0.5 with 500 iterations. Subsequently,
we utilized the Volume Compute 2.5D tool to represent the canopy height within a 2.5D
orthomosaic. To rasterize the data, we selected the Projection Rasterize option, employing
a spatial resolution of 1 m/pixel, as the computational burden associated with a higher
resolution in centimeters was deemed excessive [39]. Ultimately, we exported the CHM in
a TIF format and computed zonal statistics, encompassing the median, mean, minimum,
and maximum values, utilizing QGIS v.3.42.2. The reader is directed to Jarahizadeh [40] for
comprehensive details concerning the CHM analysis in DJI Terra.

3. Results
3.1. Hurricane Flood and Wind Impact on Marismas Nacionales

In 2022, the rainfall patterns in Marismas Nacionales reflected a semi-arid climate,
characterized by an extended dry season that persisted for most of the year (Figure 3a,b).
A brief yet intense rainy season occurred from July to October, frequently influenced by
tropical storms and hurricanes, which brought short but concentrated rainfall. Overall,
rainfall data from the ERA5 and NOAA platforms showed a similar trend, with a linear
correlation of 0.87. Even so, ERA5 consistently reported lower rainfall amounts compared
to those depicted by the NOAA. However, the highest rainfall levels in late October 2022
coincided with the landfall of Hurricane Roslyn. Regarding the wind data, the intensity
of Hurricane Roslyn was comparable in the ERA5 and MERRA-2 datasets (Figure 3c,d).
However, the wind direction appeared to be better represented in the MERRA-2 dataset,
which showed a southeasterly direction during winter, originating from the cold fronts
of the Gulf of California, and a northeasterly orientation during summer, resulting from
tropical storms and hurricanes.

 

Figure 3. Rainfall time series at Marismas Nacionales from the ERA5 (a) and NOAA (b) datasets.
Wind speed and direction time series from the ERA5 (c) and MERRA2 (d) datasets. The two black
rectangles indicate a visual enhancement during the hurricane impact.
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The impact of flooding and wind damage within the Marismas Nacionales coastal
complex was substantial (Figure 4). A comparative analysis of two satellite images—
one taken on 17 October, six days before the event, and the other on 27 October, four
days after—reveals that the flooded area expanded to approximately 60,000 ha mainly
from the Acaponeta River in the north to the San Pedro and Santiago rivers in the south.
Furthermore, massive defoliation is clearly observed in areas dominated by monospecific
forests, particularly where the predominant mangrove species—Rhizophora mangle and
Laguncularia racemosa—thrive within the southern coastal ecosystem.

 

Figure 4. Enhanced near-infrared, red, and green band composites of Sentinel-2 imagery at Marismas
Nacionales, before impact (17 October 2022) (a) and after impact (27 October 2022) (b). The green
and yellow circles indicate the location of the lower subfigures in monospecific Laguncularia race-
mosa (before impact (c) and after impact (d)) and Rhizophora mangle forests (before impact (e) and
after impact (f)).

3.2. Mangrove Vegetation Index Time Series

The annual CMRI standard deviation trend anomaly results for the 2020–2025 period
reveal notable variations before and after the impact of Hurricane Roslyn (Figure 5). During
the pre-impact phase (January to June 2020–2022), a generally positive trend in the standard
deviation is observed across the Marismas Nacionales complex. This trend is particularly
pronounced at the mouth of the Acaponeta River and within fringe-type mangrove forests.
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However, some areas exhibit a negative trend, indicating a decrease in mangrove canopy
cover. This pattern is especially clear in basin-type shrub mangroves that lack a direct
connection to open water, as well as throughout the San Pedro River watershed, where the
presence of an invasive vine-type plant species has been reported to affect mangrove forests.

 

Figure 5. Thematic classifications of CMRI standard deviations from January to June for 2020 (a),
2021 (b), 2022 (c), 2023 (d), 2024 (e), and 2025 (f).

The CMRI standard deviation trend shows a notable negative shift in 2023 (Figure 5).
During this period, direct defoliation of mangrove forests is observed along the path of
Hurricane Roslyn, particularly in the southern part of Marismas Nacionales and along the
edges of the Agua Brava Lagoon, located in the central section of the system. Following
the hurricane’s impact, a gradual recovery in the trend is observed over the next two years
(2024 and 2025). This positive change is most apparent in the areas most affected by the
hurricane, located in the southern part of the estuarine system and around the margins of
the Agua Brava Lagoon.
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In the context of early mangrove canopy recovery, the analysis of negative standard
deviations indicates that 1601 ha exhibited signs of degradation prior to the impact of
Hurricane Roslyn in 2022, as indicated by the red color on the maps from 2020 to 2022
(Figure 6). Subsequently, by comparing these areas with the immediate post-hurricane
damage patterns, we identified an additional 47,202 ha affected (82.8% of the total area).
By 2024, approximately 3.2% (equivalent to 5668 ha) of the mangrove exhibited a slight
increase in canopy cover. The initial recovery appears to accelerate in 2025, with 31,652 ha
with negative values. In other words, satellite-derived CMRI preliminary analysis indicates
that approximately 33% of the mangrove canopy affected by Hurricane Roslyn exhibited
initial recovery trends (e.g., increased positive standard deviation) within the first two
and a half years post-impact. However, it is essential to note that this indicates only a
slight increase in canopy cover, i.e., early signs of recovery, and full restoration will require
more time.

 

Figure 6. Areas (hectares) of pixels classified according to CMRI standard deviations for 2020 (a),
2021 (b), 2022 (c), 2023 (d), 2024 (e), and 2025 (f).

Based on the aforementioned results, the additional analysis regarding the rate of
change in the CMRI slope and the GEE time series indicates a similar trend where the
mangroves within Marismas Nacionales undergo a recovery process following the massive
defoliation caused by Hurricane Roslyn (Figure 7). However, the response of the mangrove
forest varies according to species composition and location within the coastal system. For
instance, Mann–Kendall analysis of CMRI time series data revealed maximum recovery
rates of +0.05 CMRI units per month in mangrove areas adjacent to the San Pedro, Santiago,
and Acaponeta rivers, contrasting with the stagnant or negative trends in the basin-type
mangroves surrounding the Agua Brava Lagoon. Monospecific stands of Rhizophora mangle
appear to be recovering more rapidly than those dominated by Laguncularia racemosa.
However, the majority of the affected mangrove areas demonstrate significant CMRI slope
rates ranging from 0.01 to 0.03 CMRI units per month. This suggests that full recovery will
require a period of 40 to 122 months, or approximately 3.3 to 10.2 years. This assessment is
based on the disparity between the maximum CMRI value recorded prior to the hurricane
and the duration necessary to return to that value from the minimum CMRI observed
following the hurricane’s impact. Unfortunately, most of the Laguncularia racemosa forests
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in a degraded condition displayed a negative CMRI slope, suggesting a lack of canopy
recovery so far.

 

Figure 7. CMRI slope trend following the impact of Hurricane Roslyn (a). Symbols indicate represen-
tative forests in the CMRI time series: Agua Brava Lagoon (b), L. racemosa degraded (c), R. mangle (d),
San Pedro River (e). The orange arrow indicates the date of the hurricane’s impact.

3.3. Canopy Height Models

The CHM distribution of the mangrove forest in Marismas Nacionales, as analyzed
using TanDEM-X data, reflects the expected characteristics of mangrove stands in a semi-
arid environment prior to the impact of Hurricane Roslyn (Figure 8). Specifically, the tallest
trees, reaching a maximum height of 18.9 m, are situated along the shores of the coastal
Agua Brava Lagoon and at the mouth of the Acaponeta River, located in the northern section
of the coastal system. These trees predominantly belong to the species Rhizophora mangle
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in the northern region and Laguncularia racemosa in the central lagoon area. Conversely,
shrubs ranging from 0.9 to 2.9 m in height are positioned to the east of the coastal system
within low-flooded zones, primarily consisting of Laguncularia racemosa stands that are in
a degraded condition. The transition between these two distinct mangrove communities
encompasses a variety of Laguncularia racemosa in different physiognomic forms, including
basin-type mangroves in less flooded areas and over-flooded mangroves on small islands.

Figure 8. The upper map presents the canopy height model (CHM) of the Marismas Nacionales
mangrove forest for the year 2015 (a), derived from TanDEM-X data provided by Simard [37]. The
two polygons delineate the locations of representative flight zones adjacent to the Acaponeta River.
The left side illustrates a mangrove zone exhibiting gaps in the canopy prior to the impact of the
hurricane, whereas the right side features a monospecific mangrove forest. The two image subsets
at the bottom depict the 2015 (pre-impact) CHMs (b,c), the 2023 (post-impact) CHMs (d,e), and an
angular representation of the dense LiDAR point cloud collected in 2023 (f,g).
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An analysis comparing areas with recorded UAV flights and LiDAR data reveals
a reduction in canopy height of up to 3.3 m in regions where the median height was
previously measured at 9.4 m. Following the impact of Hurricane Roslyn, the maximum
recorded canopy height ranged from 12.3 to 13.9 m, with an average height of 6.05 ± 1.9 m.
The minimum recorded canopy height post-hurricane varied from 0.3 to 1 m, while the
general minimum observed before the hurricane landfall ranged from 1.1 to 6.7 m. The
dense LiDAR point cloud indicates a substantial presence of downed or leaning stems,
particularly in fringe-type mangroves, as well as a substantial amount of debris scattered
across the ground within the flight areas.

4. Discussion
The impact of Category 3 Hurricane Roslyn on the coastal zone of Marismas Na-

cionales was frequently perceived as purely destructive, primarily due to the extensive
short-term damage inflicted on fishing camp infrastructure. However, it has been sug-
gested that their long-term ecological benefits will be essential for the sustained balance
of Marismas Nacionales [41]. For comparison, previous research has demonstrated that
hurricanes facilitate the transport of sediments and nutrients from offshore and river sys-
tems into coastal wetlands, thereby enhancing soil fertility and promoting plant growth [6].
In mangrove ecosystems, storm surges deposit organic-rich sediments, increasing pro-
ductivity [42]. In Florida, a multidecadal hurricane impact assessment demonstrates that
mangrove root systems effectively sequester suspended sediments from storms, driving
tidal flat accretion while establishing suitable substrates for propagule colonization [43].
Notably, mangrove seedlings greatly contribute to stabilizing eroded banks—their presence
often represents the critical factor preventing large-scale sediment loss and ecosystem col-
lapse in vulnerable mangrove islands and tidal creek systems [44,45]. However, land-use
alterations in degraded regions—exacerbated by storm-induced sediment mobilization
(e.g., topsoil erosion or overwash deposition)—and modifications to hydrological regimes
were among the dominant influencing factors on mangrove ecosystem recovery dynamics
after Category 4 Hurricane Maria struck Puerto Rico in 2017 [46].

Additionally, moderate hurricane disturbances reduce mangrove stand density, im-
proving light penetration and stimulating seedling recruitment [47]. This dynamic process
prevents stagnation (e.g., brackish water pooling) and enhances biodiversity by creating
favorable conditions for pioneer species [48]. Effective coastal management must acknowl-
edge these natural processes rather than categorizing storms solely as disasters. Moreover,
following hurricane events, researchers need to prioritize the assessment of canopy damage
to identify areas that may require rehabilitation in future efforts.

Both ERA5 and the NOAA reported a substantial increase in rainfall at the end of
October, likely due to the effects of Hurricane Roslyn. However, the values presented by
each platform differed, probably due to variations in their data collection methods and
analysis techniques [49]. For instance, ERA5 represents a reanalysis product that integrates
model simulations with observational data through advanced data assimilation techniques,
which incorporate satellite information and simulations of atmospheric dynamics [50]. In
contrast, the rainfall datasets provided by the NOAA primarily rely on direct observations
from gauge stations, with interpolation methods subsequently used to address data gaps
and minimize errors in the datasets [51]. Nonetheless, the absence of field data renders this
type of data the sole viable option for analyzing rainfall and wind trends.

Hurricane Roslyn caused extensive flooding across the Marismas Nacionales system,
particularly near the Acaponeta (north) and the San Pedro (south) watersheds. This flood
event plays a critical ecological role in sustaining riverine and coastal ecosystems [52].
Additionally, Hurricane Roslyn’s flooding reduced system-wide salinity—a critical function
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in this semi-arid environment where hypersaline conditions (exceeding 80 PSU in isolated
saltpan plains) often dominate [53]. Lower salinity levels enhance mangrove recovery
by promoting the dispersal of propagules and the establishment of seedlings [52]. For
instance, there are reports that Laguncularia racemosa has expanded along the Presidio River
(85 km north of Marismas Nacionales) due to sediment deposition from floodwaters [54].
Moreover, floodwater from these rivers transports sediments and nutrients from upstream
areas into coastal zones, replenishing soil fertility and supporting adjacent ecosystems,
including the region’s predominant deciduous forests [55].

Before Hurricane Roslyn made landfall, our research showed that certain mangrove
areas had already been steadily deteriorating, as indicated by the red color on the maps
from 2020 to 2022. This decline, reflected in negative standard deviations between 2020
and 2022, has been well-documented and is primarily linked to massive changes in water
flow over the past several decades [56]. For example, the construction of dams on key
rivers between 1976 and 2012, along with the opening of the Cuautla canal in 1972, which
connected the coastal system to the Pacific Ocean, has led to increased salt levels and land
subsidence in Marismas Nacionales [57].

The areas showing signs of degradation before the hurricane were primarily located
near the Agua Brava Lagoon, especially in basin-type mangrove communities. These
mangroves are highly sensitive to changes in water flow because they grow in elevated,
confined areas [58]. As a result, they tend to form dense shrubs rather than the taller, more
developed trees found along the lagoon’s edge. The decline of these inland mangrove
communities, situated farther from regular flooding zones, has been worsened by poorly
planned canal construction [26]. These constructions have disrupted the natural ebb and
flow of tidal waters, particularly in the northern part of Marismas Nacionales near the Agua
Grande Lagoon in the north [58]. There, a canal dug to flood a marsh in a separate coastal
system has shortened the flooding cycles that basin-type mangroves depend on. Thus,
massive dieback areas of Avicennia germinans have been documented in recent years [21].

Mangroves are highly resilient to hurricanes, and we expect Marismas Nacionales to
recover naturally over time. However, the speed of this recovery will vary depending on the
mangrove species and local hydrological conditions [59]. We estimated a maximum recov-
ery rate of 0.05 CMRI units per month in areas near the San Pedro, Santiago, and Acaponeta
rivers, anticipating a best-case scenario of approximately 2.5 years to achieve a full recovery.
However, most mangrove areas exhibit CMRI rates between 0.01 and 0.03 CMRI units per
month, suggesting a recovery time between 40 months (approximately 3.4 years) and
122 months (roughly 10 years). In the worst-case scenario, we found that most of the
already degraded Laguncularia racemosa forests exhibited a negative CMRI slope, indicating
a lack of canopy recovery to date. Compared to other studies, it is expected that Category
4 and 5 hurricanes destroy mangrove canopies, requiring decades for recovery [60]. This
situation was clear when Hurricane Andrew devastated Florida in 1992, killing roughly 90%
of the mangroves in affected areas [61]. The pattern continued with Hurricane Iris in Belize
(2001), where mangroves needed more than a decade to recover [62]. Similarly, Florida’s
mangroves took ~10 years to establish after Hurricane Wilma in 2005 [63]. Most recently,
Hurricane Willa’s 2018 impact on northern Marismas Nacionales indicates recovery will
likely take more than 8.5 years [64]. Overall, it is expected that the unfavorable environ-
mental conditions in Marismas Nacionales will result in these mangroves recovering more
slowly than those in healthier tropical systems with better growing conditions, such as
those with higher freshwater input [8]. So far, we have not seen new mangrove seedlings
taking root after the hurricane; it is still too early to spot them in satellite images or the
field. Thus, these findings indicate that the positive rate of change in the canopy reflects
the regrowth of hurricane-surviving trees, rather than the recruitment of new mangroves.
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Specifically, the median height of trees following the hurricane landfall decreased by 3.3 m.
Moreover, the minimum pre-hurricane heights recorded for fringe-type trees varied be-
tween 1.1 and 6.7 m, whereas the new minimum post-hurricane heights were reported
to be as low as 0.3 to 1 m for the same fringe-type mangroves. These data suggest that,
although many trees were able to withstand the hurricane’s impacts, they experienced
massive defoliation.

We identified a considerable accumulation of dead trunks and mangrove debris along
the edges of many small lagoons within Marismas Nacionales. These debris barriers
could block tidal water from reaching inland mangroves, potentially slowing their recovery,
especially in the Rhizophora mangle stands [65]. For example, the rehabilitation of mangroves
in Honduras was notably slow due to hydrological alterations resulting from Hurricane
Mitch’s impact in 1998 [66]. In contrast, we identified that mangroves with the most
substantial recovery are associated with undammed rivers in Marismas Nacionales. This
situation is anticipated, as research indicates that an increased sediment supply from rivers
can facilitate the recovery of mangroves by lowering salinity levels [67] and enhancing root
stabilization through sediment deposition [68]. A parallel situation was observed in the
Mississippi, where mangroves demonstrated a more rapid recovery following Hurricane
Katrina in 2005, largely attributed to sediment deposition [69].

Our analysis indicates that approximately one-third of the mangroves affected by
Hurricane Roslyn have exhibited an apparent increase in leaf growth within the canopy
over the past 2.5 years. This positive change is particularly notable in Rhizophora mangle,
demonstrating a substantial increase in leaf growth extending to the upper portions of
the trees among the survivors. In the case of Laguncularia racemosa, new foliage primarily
emerges on the branches at the base of the trunks. It is worth noting that previous studies
have shown Rhizophora mangle forests to be generally healthier in Marismas Nacionales, as
evidenced by higher leaf area indices and notably taller trees compared to those of Lagun-
cularia racemosa forests [70]. The recovery rate within areas characterized by monospecific
Laguncularia racemosa appears to be diminished, likely because these forests were already in
a degraded state before the hurricane’s impact [71].

A critical factor that is likely to affect the rate of canopy recovery is the increasing
frequency and intensity of hurricanes. Recent studies indicated that hurricanes are not only
becoming more powerful but also moving at slower speeds [72]. This was exemplified by
Hurricane Dorian in 2019, which impacted the Bahamas and resulted in massive mangrove
mortality [73]. Moreover, the increase in sea levels associated with global warming will
result in heightened flooding of coastal mangroves, potentially leading to their submergence
as they cannot keep pace with rising sea levels [74]. The implications of these situations
could have a substantial negative effect on the mangroves of Marismas Nacionales. Finally,
remote sensing offers a viable method for tracking the impact of hurricanes on mangroves
in large coastal regions. By analyzing spaceborne-based imagery or UAVs, researchers
can identify damaged areas while substantially reducing fieldwork costs. In addition, we
recommend establishing permanent plots as a way to monitor the impacts of a hurricane
with field data on the structure, leaf area index (LAI), and canopy height before and
after landfall.

5. Conclusions
When Hurricane Roslyn made landfall as a Category 3 storm in October 2022, it struck

southern Marismas Nacionales, Mexico, severely damaging mangrove forests through
widespread defoliation. We tested a combined approach using Sentinel-2 satellite imagery
(CMRI vegetation index) and UAV-LiDAR data to monitor mangrove damage and the
early signs of canopy recovery. The wind gusts from Hurricane Roslyn caused an im-
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mediate defoliation of 47,202 ha of mangrove canopy (primarily Rhizophora mangle and
Laguncularia racemosa). However, the CMRI standard deviation series reveals early signs
of canopy recovery in at least one-third of the mangrove areas damaged by Hurricane
Roslyn, 2.5 years after the impact. The CMRI time series and slope indicated distinct
trends regarding canopy recovery: within regions adjacent to the San Pedro, Santiago, and
Acaponeta rivers, observations indicate a maximum recovery rate of 0.05 CMRI units per
month. This rate implies a projected minimum recovery time of approximately 25 months
based on the pre- and post-impact CMRI trends. However, the majority of the positive
trend zones exhibited slopes ranging from 0.01 to 0.03. This indicates that the duration
required to reach maximum values of the CMRI prior to the hurricane’s impact varies
between 40 months (around 3.4 years) and 122 months (roughly 10 years). Conversely,
certain areas exhibit negative trends in the CMRI slope, marking a lack of canopy recovery.
Notably, monospecific Laguncularia racemosa forests exhibit particularly clear signs of this
trend, which were already experiencing degradation prior to the hurricane’s impact. The
difference between satellite and UAV data revealed a substantial 3.3 m median difference
in the canopy height of fringe-type mangrove forests following Hurricane Roslyn’s im-
pact. This study examines the challenges and opportunities related to the development of
satellite and UAV-based monitoring of mangrove ecosystems. The findings aim to support
complementary approaches for environmental assessments of mangrove forests in various
regions globally.
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