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Abstract

Hurricanes are major drivers of forest structure in the Caribbean. In 2017, Hurricane Maria
caused substantial damage to Puerto Rico’s forests. We studied forest structure variation
across 75 sites at Las Casas de la Selva, a sustainable forest plantation in Patillas, Puerto
Rico, seven years after Hurricane Maria hit the property. At each site we analyzed 360°
photos in a 3D VR headset to quantify the vertical structure and transformed them into
hemispherical images to quantify canopy closure and ground cover. We also computed
the Vertical Habitat Diversity Index (VHDI) from the amount of foliage in four strata:
herbaceous, shrub, understory, and canopy. Using the Local Bivariate Relationship tool
in ArcGIS Pro, we analyzed the relationship between forest recovery (vertical structure,
canopy closure, and ground cover) and damage. Likewise, we analyzed the effects of
elevation, slope, and aspect, on damage, canopy closure, and vertical forest structure. We
found that canopy closure decreases with increasing elevation and decreases with the
amount of damage. Higher elevations show a greater amount of damage even seven years
post hurricane. We conclude that trees in the mixed tabonuco/plantation forest are more
susceptible to hurricanes at higher elevations. The results have implications for plantation
forest management under climate-change-driven higher intensity hurricane regimes.

Keywords: forestry; recovery; hurricanes; forest structure; surveys; 360° photography;
virtual reality; Las Casas de la Selva

1. Introduction

Hurricanes are severe weather events that are common throughout the Caribbean.
As these storms make landfall, they result in extremely dangerous winds, torrential rain,
strong storm surges, and coastal flooding. The island of Puerto Rico is frequently in the
path of these powerful storms which are expected to increase in intensity due to warming
ocean surface temperatures [1-3], rapidly intensify more frequently [4,5], and produce
more extreme rainfall [6-8] because of climate change. The most recent and most powerful
hurricane to impact the island since 1928 was Hurricane Maria in 2017. Hurricane Maria
made landfall in Puerto Rico on 20 September 2017 as a strong upper-category 4 storm
with winds up to 241 kph, causing up to $90 billion in damage [9]. As Maria made landfall,
it decimated the island’s power grid [10], cut off access to clean water supplies [11], and
caused substantial damage to the forest [12-15].
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Extensive research on how hurricane disturbances affect tropical forests really kicked
off following the aftermath of Hurricane Hugo in 1989, with much of the research being
conducted within the Luquillo Experimental Forest in Puerto Rico [16-26]. Following a hur-
ricane, trees are damaged from the loss of leaves (defoliation), damage to small branches,
breaking of larger branches, and the snapping and uprooting of tree stems [26]. There
are numerous factors involved that can contribute to the severity of forest damage which
include the topography of the land [14,25,26], land use history [27,28], forest fragmen-
tation [29], tree size [18], tree species [20,30,31], distance from the storm [13,14], and the
intensity of the storm [15,32]. A recent study conducted by Uriarte et al. 2019 [15] compared
hurricane-induced forest damage caused by Hurricanes Hugo (1989, category 3), Georges
(1998, category 3), and Maria (2017, category 4) in the Luquillo Experimental Forest in
Puerto Rico. They found that Hurricane Maria had killed twice as many trees and had
broken up to 2- to 12-fold more stems compared with the other storms [15]. Taller trees
with larger diameters at breast height (DBH) have also been shown to be more vulnerable
to snapping or uprooting when compared with shorter trees [18].

While the damage to a forest following a hurricane gives the appearance of signifi-
cant mortality, the actual mortality of trees in the forest is quite low (4-8% recorded by
previous studies in the Caribbean [26,33]) and much of the forest will recover and quickly
re-establish new leaves, with some species obtaining new leaves as early as two weeks post
hurricane [14,18,26]. In general, studies have shown that the forests of eastern Puerto Rico
and the Caribbean are quite resilient to a wide variety of disturbances whether natural or an-
thropogenic [23,24] and that hurricanes play important roles in forest community dynamics
such as increasing spatial heterogeneity, resetting successional patterns and nutrient flows,
altering species composition, and inducing longer-term evolutionary change [21,34,35].

While most of the previous work has focused on natural forests, plantation forestry
has played an important role in many parts of the Caribbean [36—41]. There is much less
published research on hurricane impacts in plantation forests, and findings suggest that
patterns of damage and recovery vary depending on the tree species. For example, pine
trees favored in plantations typically do not resprout or regrow if the main stem is broken
or uprooted, unlike many species in natural tropical forests [18,20,26,41,42]. Monoculture
plantations differ from natural forests in vertical structure especially in terms of understory
vegetation, which may make them more vulnerable to stronger damage from wind [42-46].
Sustainable forestry practices can differ from monocultures in several ways: they are
not based on clear cutting the existing forest to make space for planting the preferred
species; more than one species of trees may be planted, interspersed with the existing
vegetation; the understory may be retained thereby maintaining a more complex vertical
structure to the forest than in monocultures. More research is needed to understand the
impacts of hurricanes on such plantations to better inform the sustainable management of
economically valuable forests.

In this study, we focused on measuring hurricane damage and assessing recovery
seven years-post Maria in a sustainable multi-species forestry plantation site at a property
called Las Casas de la Selva in southeastern Puerto Rico. Using a combination of 360°
photography and virtual reality to analyze forest vertical structure, ground cover and
canopy closure across 75 sites, we compared sites that vary in elevation, and the amount
of visible damage to determine whether there were long-term effects on forest vertical
structure, ground cover, and canopy closure. Our overall scientific goal was to learn more
about the long-term impacts a major hurricane such as Maria can have on a subtropical
wet plantation forest in Puerto Rico.

Our overarching questions are:



Land 2025, 14, 1324

30f16

1.  How does forest vertical structure, ground cover, and canopy closure vary with the
amount of damage visible seven years later?

2. How does the underlying topography (elevation, slope, and aspect) in this moun-
tainous region influence the damage to the forest (number of dead /recovering trees,
canopy closure, vertical structure, and ground cover) on the property?

2. Study Area

Las Casas de la Selva is a property that was established in 1983 in Patillas, Puerto Rico,
as an experimental sustainable forestry and rainforest enrichment project. The Institute
of Ecotechnics, headquartered in Santa Fe, New Mexico started this project to develop
science-driven methods to grow commercially valuable timber species while also helping
the regeneration of naturally occurring species in a mixed plantation forest. The goal was
to both obtain a better understanding of sustainable practices for managing such mixed
plantations and to demonstrate the value of such an approach to private landowners.
Prior to acquisition, the majority of the land had undergone extensive logging and was
subsequently converted into a coffee plantation. Portions were also used for livestock
grazing, which collectively contributed to pronounced soil degradation and severe erosion
over time [36]. The property consists of 409 hectares of land which is located along very
steep slopes at an average elevation of 600 m (range 508607 m) and receives an average
annual rainfall of ~3000 mm [36,47]. The forest on the property is a mature second-growth
forest and classified as subtropical wet forest on the Holdridge Life Zone classification
system [48]. The forest is known locally as tabonuco forest, with the candletree (Dacryodes
excelsa) being the dominant tree of the forest [36,47]. In 1984, approximately 40,000 valuable
hardwood trees were line planted on 87 hectares of land, with each tree spaced at 3 m
intervals [47].

Tropical cyclones play a major part of the disturbance regime in Puerto Rico with
many storms impacting the island since detailed records started being recorded back in the
mid-1800s [23,27]. Some of the more recent storms to make a direct impact or come close
to impacting the island can be seen in Figure 1a. When Hurricane Maria made landfall in
Puerto Rico on 20 September 2017, it made a direct hit on the property, causing extensive
damage. Hundreds of trees were lost, many branches were broken, and much of the forest
was completely defoliated (Figure 1b). Even today, seven years after Hurricane Maria, the
damage caused can still be seen throughout the property and it is hard to miss for those
who have visited before (Figure 2).

Our study site consists of four zones on the property, of which zones II and III were
utilized for our research (Figure 3a). Zones I and Ila occupy harsher terrain and have be-
come much more difficult to access following landslides and other damage from Hurricane
Maria. Zone Il is a mixed timber plantation consisting of mahogany (Swietenia macrophylla
x S. mahagoni) and blue mahoe (Talipariti elatum) and zone Il is classified as mixed use
consisting of both forest, trails, and human-built structures.
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Figure 1. (a) Tracks for some of the more recent storms to impact the island of Puerto Rico; and
(b) aerial photos showing Las Casas de la Selva before and after the storm. Photo credits Thrity Vakil.

Figure 2. Photos documenting the state of the property 7 years after Hurricane Maria. (a) This area of
the forest was hit hard with many trees displaying a reduced canopy; (b,c) these two photos show
uprooted trees still alive; (d) this photo shows a severely damaged tree with relatively recent growth.
Photo credits Michael Caslin.
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Figure 3. (a) Property of Las Casas de la Selva broken down by zone. Inset is a map of Puerto

Rico showing the location of the property (red box). (b) Map showing the location of complete and
incomplete survey points established at 40 m intervals across the trails within zones II and III. The
two survey points in orange within zone III were excluded due to possible overlap.

3. Materials and Methods
3.1. Establishing Survey Points

Prior to fieldwork, we established a total of 99 survey points randomly located across
the study area on the map using ArcGIS Pro version 3.0.0. However, during a pilot test run
at the property, we found reaching most of them to be unfeasible due to extreme terrain
and the density of vegetation from secondary growth following Maria. Forced to change
our sampling strategy, we, therefore, established 99 survey points along existing trails at
40 m intervals (Figure 3b). We chose the 40 m distance to minimize any overlap in the 360°
photos between adjacent sites. While in the field, extra precautions were taken to prevent
the possibility of trees and other vegetation overlapping between survey points. For the
most part, the combination of dense vegetation along the trails and the 40 m distance was
enough to prevent overlapping and any survey locations where overlap was likely were
excluded (i.e., open areas).

3.2. 360° Photography and Damage Assessment

The fieldwork was conducted entirely by the first author, Michael Caslin. To reach
each survey point in the field, Michael utilized a Garmin GPSMAP 65s unit (Figure 4a),
developed by Garmin, an American company headquartered in Olathe, KS, USA. Once
arriving at a survey point, he attached a Ricoh Theta V 360° camera (Figure 4b) to a 5-foot
small rig tripod to reduce blur and to stabilize the camera and then took several photos.
The Ricoh Theta V 360° camera, developed by Ricoh Company Ltd., headquartered in Ota,
Tokyo, Japan, can take still photos at a resolution of 5376 x 2688 and has a photo range
from 10 cm to infinity. On the ground, however, the effective photo range at sites was
10-15 m meters due to dense vegetation and hilly topography. To estimate the amount
of visible damage, he counted the total number of remaining dead and recovering trees
(referred to as the variable “Damage” from here on).
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Figure 4. (a) Garmin GPSMap 65s unit used in the field; (b) Ricoh Theta V 360° Camera; (c) Oculus
Go Virtual Reality Headset.

3.3. Data Analysis of 360° and Hemispherical Photos
3.3.1. Estimating Forest Vertical Structure of 360° Photos Through Virtual Reality

Forest vertical structure is often referred to as the “vertical stratification or layering
of forest communities in space. ..” which is an essential characteristic for plant communi-
ties [49] (p. 1). To estimate forest vertical structure, each 360° photo was analyzed within
the Oculus Go Virtual Reality headset (Figure 4c). The Oculus Go is a standalone virtual
reality headset that was developed by Meta Reality Labs (Menlo Park, CA, USA) in part-
nership with Qualcomm (Folsom, CA, USA) and Xiaomi (Beijing, China). The Oculus Go
has a single 5.5-inch LCD display with a resolution of 1280 x 1400 pixels per eye and has a
storage capacity of 32 GB or 64 GB. For each photo, Caslin determined the presence of four
layers which include: (1) herbaceous layer, (2) shrub layer, (3) understory layer, (4) canopy
layer. The different layers were primarily determined by the height of the vegetation. The
herbaceous layer consisted of vegetation that had no woody stems which included grass,
ferns, and vines. For the herbaceous layer, the height ranged from 0.15 to 1.3 m. The shrub
layer consisted of plants with woody stems such as shrubs and small trees. This layer’s
height ranged from 1.3 to 4.3 m. The understory layer consists of vegetation in a wooded
area where shrubs and trees are growing between the forest canopy and forest floor. In this
layer the height ranged from 4.3 m up to just below the canopy. Finally, the canopy layer
consists of the top layer of a forest which makes up the crowns of all the trees that overlap
to form the roof over the rest of the forest. To determine the presence of these layers within
the VR headset, Caslin first selected a landmark location (e.g., a tree or landscape feature).
Next, turning clockwise, he recorded the presence of foliage in each of the 4 layers within
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30° slices of the 360° view to capture the entire image (Figure 5a). Throughout the analysis
for each photo, the PI recorded himself and then listened to the recording later to enter the
data within a spreadsheet. Following Bai’s [50] method, we calculated two measures of
Vertical Habitat Diversity Index (VHDI) by applying the Shannon-Weiner index and the
Simpson diversity index to these data, using layer for “species” and the frequency of each
layer as “abundance”.

< oct JPM < Detection level < Analysis Result

Raleigh

Oct 22, 2024 at 1:39PM

89%

Figure 5. (a) Photo example visualizing how the PI used the VR headset to analyze forest vertical
structure; (b) hemispherical photo focusing on the ground with 51 systematic sampling points
(points were enlarged to increase visibility); (c) analysis of canopy closure using the % Cover app

version 1.2.0.

3.3.2. Analysis of Ground Cover Vegetation

Many of the sampling locations featured a dense growth of vegetation covering
up much of the ground. The ground cover consisted of the ground itself ranging from
bare ground (dirt/soil) to leaf litter, rocks, and gravel as well as the types of low-
growing plants that are commonly found throughout the forest floor which can range
from low-growing plants such as grass and ferns up to small trees. The higher growing
trees were also accounted for when our sampling points were overlaid on top of them.
We grouped the ground cover into eight categories: (1) trees, (2) small trees/saplings,
(3) shrubs, (4) ferns, (5) bamboo, (6) vines, (7) herbaceous (specifically grass), (8) bare
ground /leaves/rock/gravel.

To analyze the ground cover, we transformed each 360° photo into hemispherical
photos focusing on the ground, using GIMP version 2.10.12. We batch processed images
within GIMP using an additional plugin called BIMP (Batch Image Manipulation Plugin).
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Next, we created a systematic point sampling grid utilizing Krita version 5.2.6. A total of
51 sample points were overlaid on each hemispherical photo (Figure 5b). The ground cover
type was then determined at each of the 51 systematic point locations in each photo.

3.3.3. Analysis of Forest Canopy Closure

Within the field of forestry, “canopy cover is the area of the ground covered by a vertical
projection of the canopy, while canopy closure is the proportion of the sky hemisphere
obscured by vegetation when viewed from a single point” [51] (p. 59). To measure canopy
closure, we again transformed the 75 360° photos into hemispherical images pointing up
rather than down, i.e., only focusing on the canopy and excluding the ground. Each photo
was then separately analyzed utilizing the % Cover app (Figure 5c). The % Cover app is
an environmental application that was designed to be used on iOS devices and provides a
direct estimate of canopy closure.

3.4. Geospatial Data

To determine how the underlying topography influenced the damage seen on the
property, we obtained a 1/3 arc-second Digital Elevation Model (10 m DEM, accessed
on 10 August 2024) from the U.S. Geological Survey (https://apps.nationalmap.gov/
downloader/). Within ArcGIS Pro, the DEM was utilized to create elevation, slope, and
aspect maps. The data associated with each of these layers was then extracted to each of
the 75 survey points to be used in our analysis.

3.5. Statistical Analysis

We assessed spatial clustering for vegetation variables using the Moran’s I statistic
in ArcGIS Pro (v. 3.3). We found local clustering in canopy closure and damage (Table 1),
but there was no clustering in VHDI or any of the ground cover variables. To account for
the clustering seen, we ran Local Bivariate Relationships (LBR) analyses in ArcGIS Pro
between (1) canopy closure (dependent) and elevation, damage, and ground cover variables
(explanatory); (2) damage (dependent) and elevation (explanatory). To further explore po-
tential spatially varying multivariate relationships between these and other environmental
predictors (slope and aspect), we considered Multiscale Geographically Weighted Regres-
sion (MGWR), which allows for the local estimation of regression coefficients. However,
given the study area’s limited spatial extent and consistent scale of topographic gradients,
as well as our relatively small overall sample size (ArcGIS Pro recommends sample sizes in
the hundreds for MGWR), we determined that such an analysis would not be appropriate
with our dataset.

Table 1. Variables with significant spatial autocorrelations.

Variable Moran’s Index z-Score p-Value
% Canopy Closure 0.3704 4.783 2 x10°°
No. of Dead/Recovering Trees 0.3076 4.0098 0.00006

4. Results
4.1. Canopy Closure Decreased with Increasing Elevation

We found that seven years after Hurricane Maria made landfall, there remains a
significant pattern of decreasing canopy closure (%) with increasing elevation (Figure 6).
The Local Bivariate Relationship analysis found spatial clustering in the pattern of this
relationship, with two groupings showing a statistically significant relationship between
canopy closure and elevation: (a) 39 sites (in green in the upper half of the map in Figure 6)
showed a significant linear negative relationship with canopy closure (%) decreasing
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steadily with increasing elevation (adjusted R? = 0.4596; AICc = —5.2835); (b) 17 sites (in
orange in the middle of the map in Figure 6) had a significant concave relationship, with
canopy closure (%) not changing much at lower elevations but decreasing steeply at higher
elevations (adjusted R? =0.4256; AICc = —6.3739). The remaining 17 sites did not exhibit
any significant relationship between elevation and canopy closure. We used the adjusted R2
and AICc results to evaluate our models. The small sample corrected Akaike Information
Criterion (AICc) provides an extra penalty term for the number of parameters used in the
model. This correction helps to mitigate the tendency of the standard AIC to overfit the

data when the sample size is small relative to the number of parameters [52].

ICanopy Closure vs Elevation \ @ //
Mype of Relationship ‘\. o © h{’
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Figure 6. Local Bivariate Relationship results with % canopy closure as the dependent variable and
elevation as the explanatory variable. Two statistically significant groupings were found with 39 sites
showing a significant negative linear relationship between canopy closure and elevation (pop-out
graph on top left; adjusted R2 = 0.4596; AICc = —5.2835) and 17 sites showing a significant concave
relationship between canopy closure and elevation (pop-out graph on top right; adjusted R? = 0.4256;
AICc= —6.3739). The blue dot in each of the pop-out graphs represents a survey point on the map.

4.2. Canopy Closure Decreased with Amount of Damage

We found that seven years after Maria, there remains a significant pattern of lower
canopy closure (%) at sites that exhibit more damage (Figure 7). The LBR analysis found
spatial clustering in the pattern of this relationship, with one group of 19 sites (in green
in the upper portion of the map, mostly restricted to the third zone—Figure 8) showing a
statistically significant negative linear relationship (adjusted R? = 0.3235; AICc = 1.4588).
While the remaining 54 sites were grouped as showing no significant relationship between
canopy closure and damage, the scatterplot (top right of Figure 7) indicates a similar pattern
of lower canopy closure with higher damage.
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Figure 7. Local Bivariate Relationship results with % canopy closure as the dependent variable and
damage as the explanatory variable. One statistically significant cluster was found with 19 sites
showing a significant negative linear relationship between canopy closure and damage (pop-out
graph on top left; adjusted R? = 0.3235; AICc = 1.4588). The remaining sites showed no significant
relationship (pop-out graph on top right).

Damave vs Elevation
Type of Relationship
© Positive Linear
() Undefined Complex
O Not Significant
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Figure 8. Local Bivariate Relationship results with damage as the dependent variable and elevation
as the explanatory variable. One significant cluster was found with 25 sites exhibiting a positive
linear relationship between damage and elevation (pop-out graph on top left; adjusted R? = 0.1910,
AICc = —1.0277). The remaining sites showed no significant relationship between damage and
elevation (pop-out graph on top right).

4.3. Amount of Damage Increased with Elevation

Seven years after Maria, we found that higher elevations were associated with more
severe damage as seen in more dead and recovering trees remaining at a number of sites.
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The LBR analysis found spatial clustering in the pattern of this relationship, with one group
of 25 sites (in pink in the upper portion of the map, mostly restricted to the third zone,
Figure 8) showing a statistically significant positive relationship between damage and
elevation (adjusted R? =0.1910; AICc = —1.0277). Of the remaining sites, 47 did not exhibit
any significant relationship between damage and elevation, although the scatterplot (top
right of Figure 7) indicates a similar pattern of higher damage at higher elevations. The LBR
analysis further marked one site as an undefined complex. It should be noted, however,
that these results are only applicable for the tabonuco forest found on the island of Puerto
Rico and may not apply to other types of forest on the island.

4.4. Forest Vertical Structure (Vertical Habitat Diversity Index) and Ground Cover Variables Did
Not Vary with Damage or Elevation

Applying LBR analyses, we did not detect any significant relationship between VHDI
(both Shannon-Weiner and Simpson’s indices) and damage, nor between VHDI and eleva-
tion across all the sample sites.

Similarly, applying LBR analyses, we did not detect any significant relationship be-
tween any of the ground cover variables and damage, nor between the ground cover
variables and elevation.

5. Discussion

In this study, we investigated Hurricane Maria’s long-term impact on the forest at Las
Casas de la Selva at the landscape level. We were specifically interested in determining
whether there were any noticeable effects on multiple components of the forest from the
canopy down to the ground cover on the forest floor still measurable seven years after
Maria hit the site.

There have been many scientific studies investigating the impacts of hurricanes on
forests in the Caribbean which include the immediate damage from the storm [15,19,26,34,53]
to short-term and long-term recovery [16,17,21] to forest resilience [23,24]. However,
much of the information we have gained from previous studies has been on hurricanes of
categories 3 and lower and, thus, does not account for a changing climate where hurricanes
like Maria are expected to become more common [1,5]. Considering this, one important
question is whether the resilience of the forest to hurricanes can be maintained as these
storms become more severe, more common, and cause even more damage [15].

When Hurricane Maria made landfall in Puerto Rico, it struckLas Casas de la Selva
directly. According to co-author Thrity Vakil, director of the Tropic Ventures Sustainable
Forestry & Rainforest Enrichment Project, the property suffered extensive damage, with
hundreds of trees lost. All forest damage was attributed to the wind. Vakil estimates that
approximately 80% of the planted Caribbean pine and 20% of the planted blue mahoe were
destroyed, substantially higher than the 4-8% mortality rates reported in previous studies
of hurricane impacts in the Caribbean [26,33]. Vakil also observed significant delays in leaf
regeneration among severely affected trees at higher elevations, aligning with unpublished
findings by Brokaw and Walker (1991). In some cases—such as mahogany trees that initially
appeared dead—it took up to three years for new foliage to emerge [19].

5.1. More Severe Damage at Higher Elevations

The relationship between elevation and greater hurricane damage to the forest has
been well documented [13,14,25,26,31,54-57]. However, there is an inconsistency as to
whether hurricane-induced forest damage is worse at higher elevations [13,25,54,56,57]
or lower elevations [14,31,55]. This is because the interaction between the forest and
hurricanes is complex with many factors needing to be considered such as differences in
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forest type and forest composition, storm intensity, storm proximity, elevation, slope, tree
species, soil types, and previous land use history.

For our research, we found there to be a statistically significant pattern of decreasing
forest canopy closure at higher elevations, seven years after the hurricane. However, we
also found significant spatial variation in this relationship across the study site (Figure 6),
suggesting that there may be underlying environmental gradients or effects of past land
use management [36,47]. This spatial clustering further underscores the importance of
considering spatial dependence in future modeling. Future research should also include
additional variables such as local land use history prior to the establishment of the planta-
tion, management history, soil properties such as stability or erosion potential, and other
potentially relevant environmental variables that may offer a more nuanced understanding
of hurricane impacts, and in turn offer more targeted management options. It is important
to note that due to the study site’s limited spatial extent and relatively uniform topography,
factors such as elevation, slope, and aspect are assumed to operate at a comparable scale.
To better understand how topographic variation influences forest vulnerability to hurricane
disturbance, future research should expand to a broader spatial scale—such as regional or
island-wide analysis—where range of topographic conditions can be assessed.

Our results mean that the canopy of the mixed tabonuco/plantation forest is much
more vulnerable at higher elevations at our study site. These results are consistent with the
larger loss of trees and the delayed regrowth of leaves at higher elevations on the property.
In addition, based on natural history notes and photographs taken by Caslin during several
past (2012 and 2014) and recent (2022 and 2024) visits to the property, many areas of the
property at higher elevations were completely transformed (Figure 9). There were sections
of the property that were once densely forested to the point where little sun reached the

forest floor but now appear completely opened up following Hurricane Maria’s impact.

Figure 9. Time series showing forest change at the property of Las Casas de la Selva. (a) Photo taken
along the driveway in June 2012. (b) Photo taken shortly after Hurricane Maria made landfall in
September 2017. (c) Photo showing the current conditions at the site in July 2024. The three photos
are located at the following coordinates (18.079658, —66.036322). Photo credits Michael Caslin (a,c),
Thrity Vakil (b).

While elevation had a major influence on the damage found seven years post-Maria,
elevation alone is not the sole predictor of damage. We believe additional factors in
combination with elevation have contributed to the overall severity of damage found on
the property. These additional factors include the proximity of Maria’s storm path (the eye
passed very close to our study site), the category of the storm (upper category 4) [15,30],
and previous agricultural land use [28,58] that resulted in major erosion throughout parts
of the property. This result suggests that there can be major implications for plantations
established at higher elevations from more intense storms and that careful consideration
must be made before the establishment of new plantations. More research is needed to
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better understand what the implications to the plantation forest are due to proximity of the
storm path, intensity, and previous land use.

5.2. Lower Canopy Closure at More Severely Damaged Sites

We also found that even seven years post-Maria, there remains a statistically significant
pattern of lower canopy closure visible at the more severely impacted sites (Figure 8). As
discussed above for elevation, we also found significant spatial variation in this relationship
across the site, further emphasizing the importance of considering spatial dependence in
future studies. It is not surprising to find that the canopy has recovered slower at more
severely damaged sites considering how many trees were lost in these areas and how much
longer it will take for more trees and new branches to regrow and fill in the gaps within the
canopy [35].

5.3. Similar Recovery of Ground Cover and Vertical Forest Structure Across Sites

Finally, we found there to be no difference in ground cover or vertical forest structure
(VHDI) across sites differing in severity of damage which indicates that the four foliage
layers of the forest had largely recovered by the time fieldwork was conducted in July of
2024. This surprising result, contrasting with the results for canopy closure described above,
suggests that forest recovery after the hurricane has been complex, with faster recovery
of foliage at different heights resulting in a similar vertical structure even as the overhead
canopy is taking longer to recover in more severely damaged sites.

Opverall, when looking at how much influence different landscape factors had on forest
recovery from hurricane damage seven years later, the strongest effects were on canopy
closure. This is further indication that, at this point in time, it appears that most of the
vertical structure of the forest as well as much of the ground cover vegetation has recovered
while the canopy has not in more severely hit sites. This may be expected considering that
the forest canopy is much more exposed to the strong wind gusts from a hurricane, and
even more so at higher elevations.

6. Conclusions

Considering the widespread impacts hurricanes have on both natural and plantation
forests throughout the Caribbean, it is crucial to continue with long-term research that
aims to provide a clearer understanding of hurricane impacts on different components
of the forest. We have shown that elevation has a large influence on which areas of the
mixed plantation/tabonuco forest at Las Casas de la Selva will be the most susceptible to
hurricane damage, with trees at higher elevations being the most vulnerable, as well as
having relatively long-lasting impacts that persist for at least 7 years in the case of Hurricane
Maria. Our finding of spatial clustering in the relationships between several key variables
(canopy closure, elevation, and damage) indicates potential spatial variation in other
underlying environmental or vegetation variables for future research and management
planning to consider. Our results have major implications for plantation forestry, and can be
used to inform forest or plantation land managers that are in the plantation establishment or
re-establishment phase to plant at lower elevations in tabonuco forest in order to avoid the
worst hurricane damage, and in the aftermath of hurricanes to focus on the regeneration of
trees in the understory to restore the forest canopy faster, and potentially speed up overall
forest recovery.
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