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Abstract: An increasing sea surface temperature as a result of climate change has led to a higher
frequency and strengthening of hurricanes across the northeastern Caribbean in recent decades, with
increasing risks of impacts to endangered corals and to the sustainability of coral reefs. Category five
Hurricanes Irma and Maria during 2017 caused unprecedented damage to coral reef ecosystems across
northeastern Puerto Rico, including mechanical destruction, localized sediment bedload (horizontal
sediment transport and abrasion), and burial by hurricane-generated rubble fields. Hurricanes
inflicted significant site-, depth-, and life history trait-specific impacts to endangered corals, with
substantial and widespread mechanical damage to branching species, moderate mechanical damage
to foliose species, and moderate to high localized damage to small-sized encrusting and massive
morphotypes due to sediment bedload and burial by rubble. There was a mean 35% decline in
Acropora palmata live cover, 79% in A. cervicornis, 12% in Orbicella annularis, 7% in O. faveolata, 12% in
O. franksi, and 96% in Dendrogyra cylindrus. Hurricane disturbances resulted in a major regime shift
favoring dominance by macroalgae, algal turf, and cyanobacteria. Recovery from coral recruitment
or fragment reattachment in A. palmata was significantly higher on more distant coral reefs, but there
was none for massive endangered species. Stronger hurricanes under projected climate change may
represent a major threat to the conservation of endangered coral species and reef sustainability which
will require enhancing coral propagation and restoration strategies, and the integration of adaptive,
ecosystem-based management approaches. Recommendations are discussed to enhance redundancy,

rapid restoration responses, and conservation-oriented strategies.

Keywords: Caribbean Sea; climate change; coral reefs; disturbance; ecological restoration; endan-
gered species; hurricanes; Puerto Rico; recovery; sustainability

1. Introduction

Coral reefs in the Anthropocene are rapidly declining on a global scale due to a
combination of local-scale anthropogenic factors and large-scale climate change-related
impacts, threatening the ecosystem’s persistence, resilience, and the sustainability of their
ecological functions, services, and benefits. During recent decades, coral reefs have been
increasingly impacted by a gradual decline associated to regime shifts in microbial diversity
and algal dominance [1], and by numerous ecological surprises including mass bleaching
events [2-7], and widespread mortality from diseases such as the white pox [8] and the stony
coral tissue loss disease (STCLD), with significant alterations in coral species composition
and reef accretion [9,10]. Climate change is also driving coral reefs to a generalized state of

Sustainability 2024, 16, 1506. https:/ /doi.org/10.3390/su16041506

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su16041506
https://doi.org/10.3390/su16041506
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-5504-2545
https://doi.org/10.3390/su16041506
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su16041506?type=check_update&version=3

Sustainability 2024, 16, 1506

2 of 59

hypoxia, threatening numerous species on a global scale [11,12]. There has also been an
increase in the frequency and magnitude of hurricanes across the western Atlantic that have
been associated with increased sea surface temperatures (SST) [13-16] and have resulted
in substantial social-ecological impacts [17]. These factors have had widespread impacts
on coral reefs species composition and sustainability across the wider Caribbean region,
including Puerto Rico (PR).

There is evidence of unparalleled coral mortality in recent decades [18,19], a long-
term decline in coral growth rates [20], and no net signs of significant natural recovery
ability for many species across the wider Caribbean region [21-23]. In contrast, most reefs
are showing limited recovery ability [24-26], and permanent regime shifts in community
structure and trajectory [27-29], leading to dominance by ephemeral coral species and
non-reef builders [30], and to major population declines in important reef-building species,
such as Orbicella spp. [31-33]. This often results in a long-term loss in an ecosystem’s
resilience, socio-economic value, and net functions, goods, benefits, and services [34-36].
Such changes have also resulted in the evolution of novel ecosystems [37,38], characterized
by altered coral reef benthic assemblages and ecological functions [39-41]. Such altered
community trajectories are concerning and represent a major challenge for managers and
decision-makers [5,42-45] as they may jeopardize the sustainability of biodiversity, its
persistence, resilience, and the services a coral reef provides [46]. The magnitude of such
impacts is becoming increasingly stronger in small island developing states (SIDS) impacted
by climate change and declining community-based livelihoods [47].

Observed coral reef declining trends over the last decades have prompted the desig-
nation of several Caribbean coral species as endangered under the International Union of
the Conservation of Nature (IUCN) Red List (https://www.iucnredlist.org/en (accessed
on 1 December 2023)). It has also led to the designation of seven Caribbean coral species
as threatened under the U.S. Endangered Species Act (ESA) across the U.S. Caribbean,
including PR [48]. However, little is still known about the spatial distribution and actual
population status and trends of most ESA-listed species across several important remote lo-
cations through PR, such as the Northeast Reserves System Habitat Focus Area (NER-HFA)
and Culebra Island, PR. The northeastern PR wide shelf sustains important coral reefs of re-
gional importance [49-53]. PR coral reefs play a fundamental role for corals” genetic connec-
tivity and region-wide natural reef recovery ability. However, the northeastern Caribbean
region has been significantly impacted by increasing tropical storms and hurricanes over
recent decades (https://coast.noaa.gov/hurricanes/ (accessed on 1 December 2023)). For
instance, a total of 168 different storms passed within a radius of 300 km or less from north-
eastern PR between 1851 and 2022 (https:/ /coast.noaa.gov/hurricanes/#map=4/32/-80
(accessed on 1 December 2023)) (Figure 1), which suggests that storms play a vital role in
shaping coral reef communities across the northeastern Caribbean.

PR was significantly impacted by rapidly intensifying category five hurricanes Irma
(6 September 2017) and Maria (20 September 2017). Hurricane Maria resulted in the greatest
24 h rain intensities among all storms recorded in PR, causing hundreds of casualties,
extensive damage to agriculture and infrastructure, and numerous landslides [54]. Both
hurricanes caused extensive and unprecedented damage across northeastern PR coral reefs
(see Appendix A). These hurricanes sustained winds over 270 kmh~! [55,56], leading to
strong swells and wave action and causing extensive mechanical impacts to coral reefs [57].
At its closest point to Culebra, the eyewall of Hurricane Irma passed just 20 km off the north
coast of Culebra with sustained winds of 276 km-h~!. Hurricane Maria passed 32 km south
of Culebra and crossed directly over PR with sustained winds of 276 km-h~!. Wave action
exceeded 10 m around Culebra during both hurricanes, which resulted in severe impacts
to exposed shallow coastal ecosystems [58]. Wave power was estimated by the Caribbean
Coastal Ocean Observing System (CARICOOS) at 300 kW /m during Hurricane Irma and
230 kW/m during Hurricane Maria (Canals-Silander, unpublished data). Additionally,
rainfall during Hurricane Maria was estimated to range from 250 to 750 mm across the
eastern Puerto Rico region (Hernandez-Delgado, unpublished data). The 2017 Atlantic
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hurricane season was regarded as one of the most destructive on record [59]. These two
consecutive major hurricanes represent a unique scenario throughout the northeastern
Caribbean with unprecedented consequences to shallow endangered coral assemblages.

AN

Figure 1. Storm trajectories within a radius of 300 km or less of northeastern Puerto Rico be-
tween 1851 and 2022 (Source: https://coast.noaa.gov/hurricanes/#map=4/32/-80 (accessed on
1 December 2023)).

This study quantified the status of endangered Elkhorn coral (Acropora palmata),
Staghorn coral (A. cervicornis), Star corals (Orbicella annularis, O. faveolata, O. franksi), and
Pillar coral (Dendrogyra cylindrus) across the NER-HFA and Culebra Island, PR, before
and after the impacts of category five hurricanes Irma and Maria in 2017. This approach
provides coral reef ecologists and managers with critical timely data regarding major hurri-
cane impacts on endangered coral species across priority locations within the northeastern
Caribbean. In addition, it contributes to the identification of conservation and restoration
strategies targeted at the recovery and sustainability of impacted species.

2. Materials and Methods
2.1. Study Sites

This study was conducted on 15 sites across the NER-HFA and Culebra Island in north-
eastern PR that were impacted by category five hurricanes Irma and Maria in 2017 (Figure 2,
Table 1). Quantitative assessments of hurricane impacts on Elkhorn coral (A. palmata) as-
semblages were conducted at three sites across Arrecifes La Cordillera Natural Reserve
(ALCNR), off Fajardo: Cayo Icacos (ICA), Audrey Rock (AUD), and Cayo Ratones (RAT),
and three sites in Culebra Island, two of which were located within Canal Luis Pefia Natural
Reserve (CLPNR): Bahia Tamarindo (BTA), and Punta Tamarindo Chico (PTC), and an-
other site outside the CLPNR: Arrecife Los Corchos-North (CON). Sampling for A. palmata
was limited to depths < 5 m. Quantitative assessments of the remaining endangered coral
species were conducted across three depth zones: <5 m, 5-10 m, and 10-15 m at 10 locations,
one at ALCNR: PLM, and the remaining at Culebra Island, with one at CLPNR: PCR, and
the remaining outside the reserve: DAK, CAR, AMA, GRO, COS, CRE, and CON (Figure 2,
Table 1).
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Figure 2. Study sites across northeastern Puerto Rico. Northeast Reserves System Habitat Focus
Area (NER-HFA) within Arrecifes La Cordillera Natural Reserve (ALCNR): ICA, AUD, RAT, PLM;
Culebra Island within Canal Luis Pefia Natural Reserve (CLPNR): PCR, BTA, PTC; Culebra outside
CLPNR: DAK, CAR, AMA, GRO, COS, CRE, CON, CBT. For acronyms, see Table 1. Aerial image
source: Google Earth Pro v.7.3.6.9345. Tracks of category five hurricanes Irma and Maria are shown
in Figures S1 and S2.

Table 1. Study site coordinates.

Site Acronym Latitude Longitude
Cayo Icacos ICA 18.379958° —65.585074°
Audrey Rock AUD 18.379338° —65.583138°
Cayo Ratones RAT 18.380443° —65.581537°
Palominos Island PLM 18.353366° —65.570911°
Bahia Tamarindo BTA 18.314467° —65.317659°
Punta Tamarindo Chico PTC 18.309368° —65.317045°
Playa Carlos Rosario PCR 18.327083° —65.330703°
Cayo Dékity DAK 18.284020° —65.278355°
Punta Carenero CAR 18.293450° —65.274178°
Bajo Amarillo AMA 18.279045° —65.273172°
Bajo Grouper GRO 18.285689° —65.270431°
Los Corchos-South COSs 18.283938° —65.245307°
Cabezas Crespas CRE 18.291187° —65.233909°
Los Corchos-North CON 18.303623° —65.230626°

Culebrita Island CBT 18.315294° —65.233359°
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2.2. Temporal Variation in Storm Frequency and Intensity across the Northeastern Caribbean

Tropical storm and hurricane frequency and intensity across the northeastern Caribbean
were analyzed to test the hypothesis of a recent increase in the frequency and in the intensi-
fication of storm events. The total number of storms passing directly or within a radius of
300 km off northeastern PR were quantified accessing historical hurricane track records
at https:/ /coast.noaa.gov/hurricanes/#map=4/32/-80 (accessed on 1 December 2023). A
total of 168 storms were documented between 1851 and 2022. This included 34 tropical
storms, and 134 hurricanes, including 23 category 1 (H1), 25 H2, 34 H3, 40 H4, and 12 H5
that at some point directly impacted or passed within 300 km off northeastern PR (Figure 1).
The total number of storms by category was determined for the period of 1851 to 1980
and used to estimate the expected distribution of storms by decade (tropical storms = 1.69,
H1 =1.46,H2 =1.69, H3 = 2.15, H4 = 2.23, H5 = 0.46, total storms = 9.68). A X2 test was
used to compare the observed to expected storm distributions per decade and determine if
there has been a recent decadal increase in storminess for the period of 1981 to 2022.

Annual variation in global climate-related environmental variables for the period
of 1981 to 2022 were obtained as follows: (a) atmospheric CO;, concentration (https:
/ /scrippsco2.ucsd.edu/data/atmospheric_co2/mlo.html (accessed on 1 December 2023));
(b) annual increments in atmospheric CO, concentration (https://scrippsco2.ucsd.edu/
data/atmospheric_co2/mlo.html (accessed on 1 December 2023)); (c) land—ocean temper-
ature anomaly (https://data.giss.nasa.gov/gistemp/tabledata_v4/GLB.Ts+dSST.txt (ac-
cessed on 1 December 2023)); (d) ocean heat content (https:/ /www.ncei.noaa.gov/access/
global-ocean-heat-content/ (accessed on 1 December 2023)); (e) thermosteric component
of sea level change (https://www.ncei.noaa.gov/access/global-ocean-heat-content/ (ac-
cessed on 1 December 2023)); and (f) North Atlantic Oscillation Index (https://www.ncei.
noaa.gov/access/monitoring/nao/ (accessed on 1 December 2023)). Data were used to
determine annual trends in each parameter though a combination of linear and quadratic
regressions using Sigma Plot 11.0 (Systat Software, Inc., San Jose, CA, USA). Spearman
rank correlations between storm intensity and climate parameters for the period of 1981
to 2022 across the northeastern Caribbean region were conducted using PRIMER v7.0.23
+ PERMANOVA v.1.06 (PRIMER-¢e, Quest Research Laboratories, Inc., Auckland, NZ,
USA) [60].

2.3. Status of Acropora palmata Populations

A baseline large-scale assessment of the status of endangered Elkhorn coral (Acropora
palmata) populations was carried out between 2016 and 2017 (before Hurricanes Irma
and Maria) across six shallow-water (<5 m) coral reef locations, including ICA, AUD,
and RAT, at ALCNR, and at Culebra Island at BTA, PTC, within CLPNR, and at CON,
outside the reserve (Figure 1). This sampling effort was repeated between 2018 and
2019 (after the hurricanes). Field sampling was conducted using a GIS-based approach,
with 6 to 20 randomly selected 100 m? circular transects per locality (N = 80 transects
before hurricanes; N = 80 transects after hurricanes) using ArcMap. Sampling points were
randomly selected and geo-referenced within polygons created from clipped GIS-based
layers of reef substrates and a maximum depth contour of 5 m. Sampling points were
subdivided between two depth zones (<2.5 m, 2.5-5.0 m), and classified by substrate type
(i.e., linear reef, colonized pavement, rubble), and by reef zone (i.e., spur and groove,
reef front, reef flat, backreef). Field surveys were conducted using standard methods by
NOAA [61]. Each sampling station consisted of a geo-referenced 5.6 m radius circular
transect (area = 100 m?). Field data included: (a) Morphometrics (maximum length,
width, height); (b) Colony condition (% live tissue cover, % old/recent mortality, live
area index, disease, bleaching, bioerosion, predation, fragmentation, other condition);
(c) Predator density per colony (i.e., gastropod Coralliophila abbreviata, fireworm Hermodice
carunculata, damselfishes Stegastes spp., Microspathodon chrysurus). Acropora palmata data
were summarized in box plots showing spatio-temporal variation in percent live coral
cover across sites. 0 = before hurricanes, 1 = after hurricanes. Data for other coral species
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were also summarized in box plots as above, but subdivided by depth zone: I = <6 m,
II=5-10 m, IIT = 10-15 m.

No significant differences were documented between any of the A. palmata depth
zones, or among substrate types or reef zones (one-way permutational analysis of variance
[PERMANOVA], p > 0.0500). Therefore, data per location were pooled prior to the before—-
after hurricane impact analysis. A three-way nested factorial design was used for data
analysis, with Time (before, after hurricanes), Region (ALCNR, Culebra), and Site nested
within Region (n = 3 at ALCNR, n = 3 at Culebra) as the main factors for 9999 random
permutations. A balanced experimental design and the data’s lack of normality suit the
strengths and limitations of this test. PERMANOVAs yielded the traditional Fisher’s
F-value, yet without assuming normal distributions [62]. All tests were carried out in
Bray Curtis dissimilarity space, a widely applied test for biological assemblages [63] to
understand the interacting factors that most explained variances in the community structure.
Analyses were carried out using PERMANOVA in PRIMER v. 7.0.23 + PERMANOVA v.
1.06 [64]. Multivariate RELATE routine, based on a Spearman rank correlation, was used
to test correlations of the A. palmata parameters matrix with damselfish (Pomacentridae)
and Long-spined urchin (Diadema antillarum) density, with red encrusting algae Ramicrusta
textilis abundance, and with depth [60].

2.4. Status of Acropora cervicornis, Orbicella spp., and Dendrogyra cylindrus Populations

A large-scale assessment of the status of endangered Staghorn coral (A. cervicornis),
Columnar star coral (Orbicella annularis), Laminar star coral (O. faveolata), Boulder star coral
(O. franksi), and Pillar coral (Dendrogyra cylindrus) populations was carried out between
2016 and 2017 (before Hurricanes Irma and Maria) across the following ten coral reef
locations: PCR, within CLPNR, DAK, CAR, AMA, GRO, COS, CRE), CON, and CBT, all
located in Culebra Island, and PLM at ALCNR. This sampling effort was repeated between
2018 and 2019 (after the hurricanes).

Sampling was randomly conducted using six replicate 10 x 1 m photo-transects per
depth zone, across three depth zones (<5 m, 5-10 m, 10-15 m) (N = 18/site). A total of five
haphazard digital images were obtained from each transect at 1, 3, 5, 7, and 9 m. A total of
20 digital sampling points were haphazardly projected on each image to calculate benthic
components percent cover. Data obtained included percent cover of corals, macroalgae,
algal turf, R. textilis, crustose coralline algae (CCA), cyanobacteria, and open substrate
(sand, pavement, rubble). Percent cover data were also used to calculate species richness (S),
Shannon-Weaver coral species diversity index (H'c), and Pielou’s evenness (J'c). Octocorals
were not included in this assessment. A three-way crossed factorial design was used, with
Time (before, after hurricanes), Site (n = 10), and Depth (n = 3) as the main factors for
9999 random permutations. Analyses were carried out using PERMANOVA as described
above. A similar procedure was used to test the spatio-temporal variation in S, H'c,
and J'c. Permutational distance-based tests for homogeneity of multivariate dispersions
(PERMDISP) were performed to measure the spatio-temporal variation in /-transformed
-diversity [65]. Principal component ordination (PCO) was used to identify which benthic
community components influenced spatio-temporal patterns based on /-transformed
species abundances. Similarity Percentages (SIMPER) analysis was also used to illustrate
which taxa or benthic categories were indicators of spatio-temporal change among locations
and after hurricane disturbance [60].

All counts data were logjo-transformed. All percent cover data were /-transformed.
Data on frequencies were P/ A-transformed. Multivariate analyses were conducted using
9999 permutations.

3. Results
3.1. Hurricane Intensification across the Northeastern Caribbean

Hurricanes have shown a general trend of intensification during recent decades across
the northeastern Caribbean region. The frequency of storm events passing within a radius
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of 300 km off northeastern PR has increased since the period of 1981-1990 (Figure 3).
Overall, the frequency of tropical storms per decade for the period of 1981-2022 increased
by 78% in comparison to the period of 1851-1980. The frequency of H1 hurricanes increased
by 54%, H2 hurricanes declined by 56%, H3 hurricanes declined by 30%, H4 hurricanes
increased by 23%, and H5 hurricanes increased by 226%. A X? analysis showed that overall
storm frequency and intensity for the period of 2011-2022 was significantly higher in
comparison to the expected historical mean of 1851-1980 (X? = 43.00; d.f. = 5; p < 0.0001). In
contrast, the storm frequency and intensity for the period of 2001-2010 was not significantly
higher in comparison to the expected historical mean of 1851-1980 (X? = 7.65; d.f. = 5;
p = 0.1767). Similarly, storm frequency and intensity for the period of 1991-2000 was not
significantly higher in comparison to the expected historical mean of 1851-1980 (X? = 2.76;
d.f. =5; p = 0.7373). Findings were similar when data from 1981-1990 were compared to
the expected historical mean of 1851-1980 (X? = 10.77; d.f. = 5; p = 0.0562).

20

Storm frequency
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57 . .

0- -
[s¢e] o o o
o \ < {
- - - -
- o (o2} oo}
o S > 2}
N N -~ -~

Decade

Figure 3. Increase in storm frequency and magnitude across the northeastern Caribbean for the
period of 1981 to 2022.

Temporal variation in global climate-related environmental variables revealed a highly
significant temporal increase in atmospheric CO, (ATM [CO;]) concentration (r? = 0.9903;
p <0.0001) (Figure 4A), which showed a significant correlation with storm intensification
for the period of 1981-2022 (Rho = 0.105; p = 0.0187) (Table 2). There was also a highly
significant temporal increase in annual increments in ATM [CO,] (r? = 0.3194; p < 0.0001)
(Figure 4B). However, it was not correlated with storm intensification for the period of
1981-2022 (Rho = —0.042; p = 0.7771) (Table 2). A highly significant temporal increase in
the land-ocean temperature anomaly was documented (12 = 0.8767; p < 0.0001) (Figure 4C).
However, it was not correlated with storm intensification for the period of 1981-2022
(Rho = 0.053; p = 0.1460) (Table 2). Ocean heat content showed a highly significant tem-
poral increase (r2 = 0.9969; p < 0.0001) (Figure 4D), which significantly correlated with
storm intensification for the period of 1981-2022 (Rho = 0.110; p = 0.0181) (Table 2). The
thermosteric component of sea level change also exhibited a highly significant temporal
increase (r? = 0.9949; p < 0.0001) (Figure 4E), which significantly correlated with storm
intensification for the period of 1981-2022 (Rho = 0.104; p = 0.0234) (Table 2). There was
a non-significant slight temporal decline in the North Atlantic Oscillation (NAO) index
(r? = —0.0237; p = 0.3308) (Figure 4C), which neither showed correlation with storm intensi-
fication for the period of 1981-2022 (Rho = —0.027; p = 0.6674) (Table 2).
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Figure 4. Temporal variation in global climate-related environmental variables: (A) atmospheric CO,

concentration (ppm); (B) annual increments in atmospheric CO, concentration (ppm); (C) land—ocean
temperature anomaly (°C); (D) Ocean heat content (x 10?2 joules); (E) Thermosteric component of sea
level change (mm); (F) North Atlantic Oscillation Index. Data are annual means for the period of 1981

to 2022. Black = regression line; blue = 95% confidence interval bands; red = prediction bands.

Table 2. Spearman rank correlations between storm intensity and climate parameters for the period
of 1981 to 2022 across the northeastern Caribbean region.

Source ! Rho p
ATM [CO,] 0.105 0.0187
Annual increment [CO5] —0.042 0.7771
Temperature anomaly L-O 0.053 0.1460
NAO Index —0.027 0.6674
Ocean Heat Content 0.110 0.0181
Thermosteric component SLC 0.104 0.0234

! Based on 9999 permutations; data = Pseudo-F statistic, p value.

The period of 1981 to 2022 shows further evidence of temporal changes in several
important storm parameters. For example, total storm frequency around the northeastern
Caribbean increased from seven during 1981-1990 to 10 in 1991-2000. It was eight during
2001-2010 but increased to 21 during 20112022 (Figure 5). The frequency of major hurri-
canes per decade also increased from one in 1981-1990 to three in 1991-2000 and 2001-2010,
and to four during 2011-2022. Mean wind speed showed no significant fluctuations, with
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64 kt during 1981-1990, 81 kt during 1991-2000, 74 kt during 2001-2010, and 62 kt during
2011-2022. However, maximum wind speed increased from 110 kt during 1981-1990 to
135 kt during 1991-2000, remained at 125 kt during 2001-2010, and increased to 155 kt
during 2011-2022. Mean pressure showed no significant fluctuations, with 988 mb dur-
ing 1981-1990, 976 mb during 1991-2000, 982 mb during 2001-2010, and 991 mb during
2011-2022. Observed variations point at the increasing threats to coral reefs across the
northeastern Caribbean posed by increasingly stronger hurricane impacts.
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Figure 5. Temporal variation in the frequency and intensity of storms passing within a radius of
300 km off northeastern PR measured at the nearest point of each storm to the island: (1) Mean wind
speed (kt); (2) Maximum wind speed (kt), (3) Minimum pressure (mb); (4) Total storm frequency
per decade; and (5) Major hurricane frequency per decade. Data source: https:/ /coast.noaa.gov/
hurricanes/#map=4/32/-80 (accessed on 1 December 2023).

3.2. Spatio-Temporal Variation in Acropora palmata

Hurricanes Irma and Maria had no significant temporal decline in the A. palmata
colony surface area (Pseudo F = 4.09; p = 0.1063) (Figure 6a, Table 3). Colony surface area
declined from a mean value of 0.42 m? to 0.12 m? (a net loss of 71%) following hurricanes,
but with very high spatial variability. Colonies were not significantly different between
regions (Pseudo F = 4.09; p = 0.1525). However, colonies from Culebra Island sites were
significantly larger than those from ALCNR (Pseudo F = 11.00; p < 0.0001). There was no
time X region interaction (Pseudo F = 0.60; p = 0.5560), but time X site (region) interaction
was highly significant (Pseudo F = 16.62; p < 0.0001). Pairwise analysis showed that colony
size distribution following both hurricanes declined significantly at ICA (p = 0.0416), AUD
(p =0.0022), PTC (p = 0.0015), and COR (p < 0.0001). These reefs were significantly exposed
to strong southwestern swells during Hurricane Irma and southeastern swells during
Hurricane Maria.

Table 3. Summary of a three-way nested PERMANOVA test of the spatio-temporal variation in
Acropora palmata colony parameters area before and after Hurricanes Irma and Maria.

Source ! df Surface Area Colony Volume Colony Height % Live Cover

. 4.09 3.43 8.15 7.26
Time 1 0.1063 0.1291 0.0307 0.0369

Region 1 4.09 2.69 9.98 11.05
0.1525 0.177 0.0081 0.0044

Site (Region) 4 11 11.84 6.75 7

<0.0001 <0.0001 <0.0001 <0.0001

Time x Region 1 0.6 0.74 0.21 0.004

0.557 0.5149 0.8493 0.9711
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Table 3. Cont.

Source ! df Surface Area Colony Volume Colony Height % Live Cover
Time x Site (region) 4 16.62 17.89 9.06 6.92
<0.0001 <0.0001 <0.0001 0.0002
Residual 544
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Figure 6. Box plot diagram of spatio-temporal variation in Acropora palmata population parameters
before and after Hurricanes Irma and Maria: (a) Colony surface area (m?); (b) Log10 Colony volume
(m3); (c) Colony height (cm); (d) Percent live cover. Each box plot is composed of a box and two
whiskers. The box encloses the middle half of the data. The box is bisected by a line at the value for
the median. The vertical lines at the top and the bottom of the box are the whiskers, and they indicate
the range of “typical” data values. Whiskers always end at the value of an actual data point and
cannot be longer than 1% times the size of the box. Extreme values are displayed as “o” for possible
outliers and for probable outliers. Possible outliers are values that are outside the box boundaries
by more than 1.5 times the size of the box. Probable outliers are values that are outside the box
boundaries by more than 3 times the size of the box.

Hurricanes Irma and Maria had no significant temporal impact on A. palmata colony
volume (Pseudo F = 3.43; p = 0.1291), nor a significant regional difference (Pseudo F = 2.69;
p = 0.1770) (Figure 6b, Table 3). Colony volume declined from a mean value of 0.20 m3 to
0.04 m? (a net loss of 78%) following the hurricanes, but with very high spatial variability.
Differences in colony volume among sites (region) were highly significant (Pseudo F = 11.84;
p < 0.0001). Both hurricanes inflicted stronger damage to coral reefs at Culebra Island
than at ALCNR. No significant time X region interaction was observed (Pseudo F = 0.74;
p =0.5149). However, time x site (region) interaction was highly significant (Pseudo
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F =17.89; p < 0.0001). Pairwise analysis showed that colony volume distribution follow-
ing both hurricanes declined significantly at ICA (p = 0.0500), AUD (p = 0.0075), PTC
(p =0.0068), and CON (p < 0.0001). Colony volume also showed a marginally signifi-
cant post-hurricane decline at RAT (p = 0.0524). These reefs were significantly exposed
to strong southwestern swells during Hurricane Irma and southeastern swells during
Hurricane Maria.

There was a significant temporal decline in mean colony height following both hurri-
canes (Pseudo F = 8.15; p = 0.0307) and a significant regional reduction in colony height
(Pseudo F = 9.98; p = 0.0081), with stronger hurricane impacts at Culebra Island (Figure 6c,
Table 3). Colony height showed widespread decline from a mean value of 22.4 cm to 12.2 cm
(a net loss of 46%) following the hurricanes. There was also a significant difference in A. pal-
mata colony volume among sites (region) (Pseudo F = 6.75; p < 0.0001), but a non-significant
time X region interaction (Pseudo F = 0.21; p = 0.8493). Time X site (region) interaction
was highly significant (Pseudo F = 9.06; p < 0.0001). Pairwise analysis showed that colony
height distribution following both hurricanes declined significantly at AUD (p < 0.0001),
PTC (p = 0.0002), and CON (p < 0.0001). Colony height also showed a marginally significant
post-hurricane decline at ICA (p = 0.0587). These reefs were significantly exposed to the
strongest hurricane swells.

Both hurricanes also caused a significant temporal decline in A. palmata percent live
cover (Pseudo F = 7.26; p = 0.0369) (Figure 6d, Table 3). Live tissue cover declined from
a mean 75% before hurricanes to 58% following hurricanes (a 23% magnitude decline).
There was also a significant regional difference in percent live cover (Pseudo F = 11.05;
p = 0.0044). Impacts showed a significant variation among sites (region) (Pseudo F = 7.00;
p <0.0001), but there was no time X region interaction (Pseudo F = 0.004; p = 0.9711).
Pairwise analysis showed that colony percent live tissue cover following both hurricanes
declined significantly at AUD (p = 0.0005), PTC (p < 0.0001), and CON (p = 0.0040). Colony
height also showed a marginally significant post-hurricane decline at ICA (p = 0.0587).
These reefs were significantly exposed to the strongest hurricane swells.

There was a significant increase in the proportion of A. palmata fragmented colonies
after the hurricanes (Pseudo F = 10.50; p = 0.0396) (Figure 7a, Table 4). The frequency of
fragmented A. palmata colonies increased from a mean of 15% to 32% (a net increase of
113%) following the hurricanes, but with very high spatial variability. Regional differences
were non-significant (Pseudo F = 5.63; p = 0.1780), but there was a significant difference in
colony fragmentation among sites (Pseudo F = 3.09; p = 0.0158). Time x region interaction
was non-significant (Pseudo F = 1.73; p = 0.2870). There was a significant time X site
(region) interaction (Pseudo F = 2.76; p = 0.0243). The frequency of fragmented colonies
at ICA increased from 3.6 to 18.2% (a 406% increase), from 17.4 to 29.4% at AUD (a 69%
increase), from 2.5 to 12.9% at RAT (a 416% increase), from 30.6 to 39.4% at BTA (a 29%
increase), from 13 to 50% at PTC (a 285% increase), and from 2.7 to 44.4% at CON (a 1544%
increase). There was a significantly higher fragments abundance at the Culebra region
following the hurricanes (p = 0.0056). Pairwise analysis showed, however, that observed
temporal variation in the frequency of fragmented colonies of A. palmata was significantly
higher after the hurricanes only at PTC (p = 0.0377) and at CON (p < 0.0001). These two
locations suffered significant destruction of shallow coral assemblages by southeastern
hurricane-driven wave action.

There was a non-significant increase in the proportion of A. palmata sexual recruits
(crusts), either through time, regions, or sites (region) (Figure 7b, Table 4). However, the
frequency of A. palmata crusts increased from a mean value of 0.016% to 0.037% (a net
increase of 131%) following the hurricanes, but with very high spatial variability. No crusts
were documented at ICA either before or after the hurricanes. The proportion of crusts
at AUD increased from 2.2 to 2.9% after the hurricanes (a 31.8% increase). NO crusts
were documented at RAT before the hurricanes. Its frequency increased to 3.2% after the
hurricanes. The proportion of crusts at BTA increased from 2.8 to 3.0% after the hurricanes
(a 31.8% increase). Acropora palmata crust proportion at BTA declined, however, from 4.3%
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before hurricanes to 0% after hurricanes. In contrast, the proportion of A. palmata crusts at
CON was 0% before the hurricanes and 11.1% after the hurricanes, showing an impressive
burst of sexual recruitment between 2018 and 2019.
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Figure 7. Spatio-temporal variation in Acropora palmata population parameters before and after
Hurricanes: (a) Proportion of fragmented colonies; (b) Proportion of recruit crusts.

Table 4. Summary of a three-way nested PERMANOVA test of the spatio-temporal variation in
the proportion of fragmented colonies and of recruits (crusts) of Acropora palmata before and after

Hurricanes Irma and Maria.

Proportion
Source ! df Fragmented Proportion Recruits (Crusts)
Colonies

' 10.5 0.64
Time ! 0.039 0.5049

Region 1 5.63 2.42
0.178 0.2303

Site (region) 4 3.09 0.72
0.0158 0.5698

Time x Region 1 1.73 0.05
0.287 0.8341

Time X Site (region) 4 2.76 2.29
0.0243 0.0604

Residual 544

! Based on 9999 permutations; data = Pseudo-F statistic, p value.

3.3. Spatio-Temporal Variation in Endangered Corals Percent Live Cover

Overall, there was a highly significant temporal (Pseudo F = 114.91; p < 0.0001), site
(Pseudo F = 81.01; p < 0.0001), and depth-related decline (Pseudo F = 38.52; p < 0.0001) in
percent live coral cover (Figure 8, Table 5). There were also significant time X site (Pseudo
F =9.65; p < 0.0001), time x depth (Pseudo F = 10.34; p < 0.0001), and site x depth (Pseudo
F =3.90; p < 0.0001) interactions. Time x site X depth interaction was also significant
(Pseudo F =1.73; p = 0.0019). Overall, hurricanes caused a generalized decline in percent
coral cover that was site- and depth-related. For instance, percent coral cover showed
important declines across sites, ranging from 10.2 to 68.1% in magnitude, with an overall
loss from a mean of 14.2 to 9.3%, or a magnitude of 34.5%.
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Figure 8. Box plot diagram of spatio-temporal variation in percent coral live cover before and after
Hurricanes Irma and Maria: (a) PCR = Playa Carlos Rosario; (b) DAK = Cayo Dakity; (c¢) CAR = Punta
Carenero; (d) AMA = Arrecife Amarillo; (e) GRO = Bajo Grouper; (f) COS= Arrecife Los Corchos-
South; (g) CRE = Arrecife Cabezas Crespas; (h) CON = Arrecife Los Corchos-North; (i) CBT =
Culebrita Island; (j) Palominos Island. 0 = Before hurricanes; 1 = After hurricanes; I = <5 m;

I=5-10m; I =

10-15 m.
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Table 5. Summary of a three-way crossed PERMANOVA test of the spatio-temporal variation in
percent live coral cover before and after Hurricanes Irma and Maria.

Source 1 df MS Pseudo_F P (Perm) P (Perm)
Time 1 8830.5 114.91 <0.0001 9935
Site 9 6225.2 81.01 <0.0001 9919
Depth 2 2960.2 38.52 <0.0001 9955
Time x Site 9 741.84 9.65 <0.0001 9891
Time x Depth 2 794.55 10.34 <0.0001 9919
Site x Depth 18 299.50 3.90 <0.0001 9850
Time x Site x Depth 18 133.11 1.73 0.0019 9844

Residual 300 76.849

! Based on 9999 permutations.

Shallow-water reef zones were significantly affected by hurricane-driven waves and
swells. Before the hurricanes, shallow reef zones (<5 m) had a global mean coral cover
of 11.7%, intermediate depths (5-10 m) had a mean of 15.9%, and deeper zones (10-15 m)
had a global mean of 15.0%. After the hurricanes, shallow reef zones had a global mean
coral cover of 6.6% (a magnitude 43.1% decline), intermediate depths had a mean of
9.9% (a magnitude 38.1% decline), and deeper zones had a mean of 11.6% (a magnitude
23.2% decline).

Overall, hurricanes caused a generalized decline in percent coral cover that was site-
and depth-related. For instance, percent coral cover showed important declines across
sites, ranging from 10.2 to 68.1% in magnitude, with an overall loss from a global mean
of 14.2 to 9.3%, or a magnitude of 34.5%. Hurricanes caused a widespread decline in the
percent relative cover of A. cervicornis that was site- and depth-related. It showed a highly
significant temporal (Pseudo F = 142.84; p < 0.0001), site (Pseudo F = 77.83; p < 0.0001), and
depth-related decline (Pseudo F = 14.69; p < 0.0001) in percent live coral cover (Table 6 and
Table S1). There was also significant time x site (Pseudo F = 12.67; p < 0.0001), time x depth
(Pseudo F = 8.43; p = 0.0002), and site x depth (Pseudo F = 6.92; p < 0.0001) interactions.
Time x site x depth interaction was also significant (Pseudo F = 3.65; p < 0.0001).

Table 6. Summary of a three-way crossed PERMANOVA test of the spatio-temporal variation in
endangered coral percent live cover before and after Hurricanes Irma and Maria.

Acropora Orbicella  Orbicella  Orbicella Dendrogyra

Source ! df cervicornis  annularis  faveolata  franksi cylindrus
Time 1 142.84 1.39 0.42 0.88 6.71
<0.0001 0.2406 0.9072 0.3486 0.0063
Site 9 77.83 50.87 31.82 4.55 1.10
<0.0001 <0.0001 <0.0001 0.0002 0.3535
Depth 2 14.69 35.92 30.68 13.90 2.74
<0.0001 <0.0001 <0.0001 <0.0001 0.0651
Time x Site 9 12.67 0.87 0.55 0.84 0.66
<0.0001 0.5522 0.8495 0.5848 0.7522
Time x Depth 2 8.43 0.16 0.03 0.01 1.70
0.0002 0.8932 0.9908 0.9952 0.1852
Site x Depth 18 6.92 3.55 2.83 0.78 0.93
<0.0001 <0.0001 <0.0001 0.7171 0.5502
Time x Site x Depth 18 3.65 0.36 0.28 0.36 0.84
<0.0001 0.9967 0.9994 0.9930 0.6616
Residual 300

1 Based on 9999 permutations; data = Pseudo-F statistic and p value.

For instance, percent A. cervicornis cover showed important declines across sites,
ranging from 0 to 100%, with an overall loss from a mean of 3.30 to 0.71%, or a magnitude
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of 78.48% (Table S1). Shallow-water reef zones were significantly affected by hurricane-
driven waves and swells. Before the hurricanes, shallow reef zones (<5 m) had a mean
A. cervicornis cover of 2.12%, intermediate depths (5-10 m) had a mean of 5.25%, and deeper
zones (10-15 m) had a mean of 2.53%. After the hurricanes, shallow reef zones had a global
mean A. cervicornis cover of 0.05% (a magnitude 97.64% decline), intermediate depths had
a mean of 1.07% (a magnitude 79.62% decline), and deeper zones had a mean of 1.0% (a
magnitude 60.47% decline). These results point out the high vulnerability of A. cervicornis
assemblages to strong hurricanes.

There was a non-significant temporal decline in the percent relative cover of the
Columnar star coral, Orbicella annularis (Pseudo F = 1.39; p = 0.2406) (Tables 6 and S2).
Site (Pseudo F = 50.87; p < 0.0001) and depth differences (Pseudo F = 35.92; p < 0.0001)
were highly significant. There was also a significant site x depth interaction (Pseudo
F =6.92; p <0.0001). Hurricanes caused a minimal decline in the percent relative cover
of O. annularis that was site- and depth-related and was not exactly associated to direct
mechanical destruction as in branching corals. In this case, most of the observed tissue loss
in O. annularis was associated to sandblasting effects during localized sediment bedload
(horizontal transport) effects, burial under hurricane-generated rubble fields, and due to
post-hurricane mortality by a white plague-like condition. In addition, the results ranged
from total loss to a gain in percent relative cover, which was most probably associated to
spatial variation in transects positioning.

Percent relative cover in O. annularis showed important variation across sites, ranging
from +19.53% to —100%, with an overall loss from a mean of 2.78 to 2.45%, or a magnitude
of 11.87% (Table S2). Shallow-water reef zones were significantly affected by hurricane-
driven waves and swells. Before the hurricanes, shallow reef zones (<5 m) had a mean
O. annularis cover of 1.75%, intermediate depths (5-10 m) had a mean of 2.58%, and deeper
zones (10-15 m) had a mean of 4.00%. After the hurricanes, shallow reef zones had a mean
O. annularis cover of 1.38% (a magnitude 21.14% decline), intermediate depths had a mean
of 2.45% (a magnitude 5.04% decline), and deeper zones had a mean of 3.52% (a magnitude
12.00% decline). These results point out that vulnerability of O. annularis assemblages to
strong hurricanes was minimal in comparison to branching corals. However, impacts from
sediment bedload, abrasion, and suffocation were locally important.

There was no significant temporal variation in percent relative cover of Laminar star
coral, O. faveolata, (Pseudo F = 0.42; p = 0.9072) (Tables 6 and S3). However, site (Pseudo
F = 31.82; p < 0.0001) and depth differences (Pseudo F = 30.68; p < 0.0001) were highly
significant. Site X depth interaction was also highly significant (Pseudo F = 3.55; p < 0.0001).
Hurricanes also caused a minimal decline in the percent relative cover of O. faveolata that
was site- and depth-related and was largely associated to sandblasting effects during
localized sediment bedload, burial under hurricane-generated rubble fields, and due to
post-hurricane mortality by a white plague-like condition. The results ranged from total
loss to a gain in percent relative cover, which was most probably associated to spatial
variation in transects positioning. Percent O. faveolata cover showed important variation
across sites, ranging from +43.82% to —71.79%, with an overall loss from a mean of 1.18 to
1.10%, or a magnitude of 6.78% (Table S3).

Shallow-water reef zones were significantly affected by hurricane-driven waves and
swells. Before hurricanes, shallow reef zones (<5 m) had a mean O. faveolata cover of 0.70%,
intermediate depths (5-10 m) had a global mean of 1.03%, and deeper zones (10-15 m) had
amean of 1.82%. After hurricanes, shallow reef zones had a mean O. faveolata cover of 0.60%
(a magnitude 14.29% decline), intermediate depths had a mean of 0.97% (a magnitude
5.83% decline), and deeper zones had a mean of 1.73% (a magnitude 4.95% decline). These
results point out that the vulnerability of O. faveolata assemblages to strong hurricanes was
minimal in comparison to branching corals.

The results for spatio-temporal variation in percent relative cover of Boulder star coral,
O. franksi, were nearly similar (Tables 6 and S4). There was no significant temporal variation
in the percent relative cover of this species (Pseudo F = 0.88; p = 0.3486). However, site
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(Pseudo F = 4.55; p = 0.0002) and depth differences (Pseudo F = 13.90; p < 0.0001) were
highly significant. No significant interactions were documented. Hurricanes also caused a
minimal decline in the percent relative cover of O. franksi that was site- and depth-related
and was mostly associated to sandblasting effects, localized sediment bedload effects, burial
under hurricane-generated rubble fields, and due to post-hurricane mortality by a white
plague-like condition. The results ranged from total loss to a gain in percent relative cover,
which was most probably associated to spatial variation in transects positioning. Percent
O. franksi cover showed important variation across sites, ranging from +29.41% to —45.45%,
with a loss from a mean of 0.19 to 0.17%, or a magnitude of 12.11% (Table S4).

Shallow-water reef zones were significantly affected by hurricane-driven waves and
swells. Before hurricanes, shallow reef zones (<5 m) had a global mean O. franksi cover
of 0.03%, intermediate depths (5-10 m) had a mean of 0.18%, and deeper zones (10-15 m)
had a mean of 0.33%. After hurricanes, shallow reef zones had a mean O. franksi cover of
0.07% (a magnitude 103% increase), intermediate depths had a mean of 0.22% (a magnitude
18.58% increase), and deeper zones had a mean of 0.37% (a magnitude 10.21% increase).

Overall, there was a highly significant (Pseudo F = 6.71; p = 0.0063) post-hurricane
decline in the percent relative cover of Pillar coral, Dendrogyra cylindrus (Tables 6 and
S5). There was no significant variation among sites or depth zones, nor any significant
interaction effect. Despite the severely depleted populations of D. cylindrus prior to both
hurricanes, these caused a significant decline in the percent relative cover of this species that
was site- and depth-related. Most of the observed tissue loss in D. cylindrus was associated to
sandblasting effects during localized sediment bedload, burial under hurricane-generated
rubble fields, and due to post-hurricane mortality by a white plague-like condition. The
results ranged from a moderate to a total loss to a gain in percent relative cover. Percent
D. cylindrus cover showed important variation across sites, ranging from 0 to —100%, with
an overall loss from a global mean of 0.15 to 0.006%, or a magnitude of —96.00% (Table S5).

Before hurricanes, shallow reef zones (<5 m) had a mean D. cylindrus cover of 0%,
intermediate depths (5-10 m) had a mean of 0.08%, and deeper zones (10-15 m) had a
mean of 0.10%. After hurricanes, shallow reef zones remained at 0%, intermediate depths
had a mean of 0.02% (a magnitude 79.52% decline), and deeper zones had a mean of 0% (a
magnitude 100% decline). These results point out that high vulnerability of D. cylindrus
assemblages to strong hurricanes was significant in comparison to other endangered
coral species.

3.4. Spatio-Temporal Variation in the Percent Cover of Other Benthic Components

There was a highly significant temporal (Pseudo F = 1102.3; p < 0.0001), site (Pseudo
F = 45.75; p < 0.0001), and depth-related (Pseudo F = 396.33; p < 0.0001) post-hurricane
increase in percent macroalgal cover (Figure 9, Tables 7 and 56). There was also significant
time x site (Pseudo F = 25.50; p < 0.0001), time x depth (Pseudo F = 57.27; p < 0.0001), site
x depth (Pseudo F = 9.97; p < 0.0001), and time X site x depth interactions (Pseudo F =
3.75; p < 0.0001). Hurricanes caused a major widespread increase in percent macroalgal
cover across sites and depth gradients. Most of the immediate post-hurricane macroalgal
growth response was associated to blooming red algae, mostly Liagora spp., Acrosymphyton
caribaeum, and Trichogloeopsis pedicellata. These were still highly abundant in locations
surveyed during early 2018. However, nuance brown macroalgae Lobophora variegata
and Dictyota spp. became the dominant macroalgal component in locations surveyed
during late 2018 and early 2019. Quantitative data analysis for the purpose of this study
only categorized macroalgae as a general functional group and did not account for such
taxonomic variation.
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Figure 9. Box plot diagram of spatio-temporal variation in percent macroalgal cover before and after
Hurricanes Irma and Maria: (a) PCR = Playa Carlos Rosario; (b) DAK = Cayo Dakity; (c) CAR = Punta
Carenero; (d) AMA = Arrecife Amarillo; (e) GRO = Bajo Grouper; (f) Arrecife Los Corchos-South;
(g) CRE = Arrecife Cabezas Crespas; (h) CON = Arrecife Los Corchos-North; (i) CBT = Culebrita
Island; (j) Palominos Island. O = Before hurricanes; 1 = After hurricanes; I = <5 m; II = 5-10 m;
I = 10-15 m.
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Table 7. Summary of a three-way crossed PERMANOVA test of the spatio-temporal variation in
percent cover of other benthic components before and after Hurricanes Irma and Maria.

1 Algal Ramicrusta Crust(‘)se . Sand, Pavement,
Source df Macroalgae Turf toxtilis Coralline Cyanobacteria Rubble (SPR) Sponge
Algae (Cca)

Time 1 1102.3 120.55 92.78 70.90 162.73 51.21 3.73
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0512

Site 9 45.75 52.71 37.15 9.55 5.90 28.42 0.80
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.6119

Depth 2 396.33 111.14 33.01 109.90 64.85 4481 11.52
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Time X Site 9 25.50 9.53 10.27 424 4.22 18.71 0.62
<0.0001 <0.0001 <0.0001 <0.0001 0.0002 <0.0001 0.7869

Time x Depth 2 57.27 1.83 494 2.74 5.89 15.47 0.94
<0.0001 0.1544 0.0014 0.0602 0.0020 <0.0001 0.3966

Site x Depth 18 9.97 20.53 15.20 4.32 4.40 9.20 0.82
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.6710

Time x Site x Depth 18 3.75 6.78 4.15 2.11 1.65 2.76 0.74
<0.0001 <0.0001 <0.0001 0.0026 0.0385 <0.0001 0.7677

Residual 300

1 Based on 9999 permutations; data = Pseudo-F statistic and p value.

The results ranged from a moderate to a major increase in percent macroalgal cover.
For instance, percent macroalgal cover showed important increases across sites, ranging
from +21.56 to +376.92%, with an overall increase from a global mean of 14.59 to 31.58%, or
a magnitude of +116.45% (Table S6). Before hurricanes, shallow reef zones (<5 m) had a
mean macroalgal cover of 7.65%, intermediate depths (5-10 m) had a mean of 13.08%, and
deeper zones (10-15 m) had a mean of 23.03%. After hurricanes, shallow reef zones had a
mean macroalgal cover of 23.87% (a magnitude 67.95% increase), intermediate depths had
a mean of 32.30% (a magnitude 146.94% increase), and deeper zones had a mean of 38.57%
(a magnitude 67.44% increase).

There was also a highly significant temporal (Pseudo F = 120.55; p < 0.0001), site
(Pseudo F = 52.71; p < 0.0001), and depth-related (Pseudo F = 111.14; p < 0.0001) post-
hurricane decline in percent algal turf cover (Table 7 and Table S7). There was also signifi-
cant time x site (Pseudo F = 9.53; p < 0.0001), time x depth (Pseudo F = 1.83; p < 0.0001),
site x depth (Pseudo F = 20.53; p < 0.0001), and time x site x depth interactions (Pseudo
F =6.78; p <0.0001). Hurricanes caused a major widespread decline in percent algal turf
cover across sites and depth gradients. Most of the immediate post-hurricane algal turf
decline response was associated to displacement by blooming macroalgae. The results
ranged from a moderate to a major decline in percent relative cover. Percent algal turf cover
showed important declines across sites, ranging from —15.23 to —69.13%, with an overall
decline from 25.22 to 16.91%, or a magnitude of 32.95% (Table S7).

Before hurricanes, shallow reef zones (<5 m) had a global mean algal turf cover of
34.03%, intermediate depths (5-10 m) had a global mean of 22.83%, and deeper zones
(10-15 m) had a global mean of 18.78%. After hurricanes, shallow reef zones had a mean
algal turf cover of 25.33% (a magnitude 25.57% decline), intermediate depths had a mean
of mean of 13.22% (a magnitude 42.09% decline), and deeper zones had a mean of 12.18%
(a magnitude 35.14% decline).

Significant temporal (Pseudo F = 92.78; p < 0.0001), site (Pseudo F = 37.15; p < 0.0001),
and depth-related (Pseudo F = 33.01; p < 0.0001) post-hurricane decline in the percent cover
of red encrusting algae R. textilis was also documented (Table 7 and Table S8). There was
also significant time x site (Pseudo F = 10.27; p < 0.0001), time x depth (Pseudo F = 4.94;
p = 0.0014), site x depth (Pseudo F = 15.20; p < 0.0001), and time X site x depth interactions
(Pseudo F = 4.15; p < 0.0001). Hurricane-driven wave action resulted in a major widespread
decline in percent R. textilis cover across sites and depth gradients. Most of the immediate
post-hurricane decline was associated with mechanical disruption and fragmentation by
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wave action and due to displacement by blooming macroalgae. The results ranged from
a moderate to a major decline in percent relative cover. Percent R. textilis cover decline
across sites ranged from +9.45 to —66.99%, with an overall decline from 17.28 to 11.67%, or
a magnitude of 32.47% (Table S8).

Before hurricanes, shallow reef zones (<5 m) had a global mean R. textilis cover of
16.60%, intermediate depths (5-10 m) had a global mean of 17.58%, and deeper zones
(10-15 m) had a mean of 17.65%. After hurricanes, shallow reef zones had a mean R. textilis
cover of 9.77% (a magnitude 41.14% decline), intermediate depths had a mean of 10.97% (a
magnitude 37.60% decline), and deeper zones had a mean of 14.28% (a magnitude 19.09%
decline).

A significant temporal (Pseudo F = 70.90; p < 0.0001), site (Pseudo F = 9.55; p < 0.0001),
and depth-related (Pseudo F = 109.90; p < 0.0001) post-hurricane decline in percent cover
of crustose coralline algae (CCA) was also observed (Table 7 and Table S9). There was
also significant time x site (Pseudo F = 4.24; p < 0.0001), site x depth (Pseudo F = 4.32;
p <0.0001), and time x site x depth interactions (Pseudo F =2.11; p = 0.0026). Overall, there
was a widespread decline in percent CCA cover across sites and depth gradients. Most of
the immediate post-hurricane CCA decline response was associated with displacement by
blooming macroalgae, and in some locations due to sediment bedload impacts and burial
by hurricane-generated rubble. The results ranged from a moderate to a major decline in
percent relative cover. For instance, percent CCA cover showed important declines across
sites, ranging from +39.10 to —88.14%, with an overall decline from a mean of 4.77 to 2.50%,
or a magnitude of 47.59% (Table S9).

Before hurricanes, shallow reef zones (<5 m) had a global mean CCA cover of 8.78%,
intermediate depths (5-10 m) had a global mean of 4.25%, and deeper zones (10-15 m) had
a mean of 1.28%. After hurricanes, shallow reef zones had a mean CCA cover of 5.17% (a
magnitude 41.12% decline), intermediate depths had a mean of 1.77% (a magnitude 58.35%
decline), and deeper zones had a mean of 0.57% (a magnitude 55.47% decline).

There was a significant temporal (Pseudo F = 162.93; p < 0.0001), site (Pseudo F = 5.90;
p < 0.0001), and depth-related (Pseudo F = 64.85; p < 0.0001) post-hurricane increase in
the percent cover of cyanobacteria (Table 7 and Table S10). There was also significant time
x site (Pseudo F = 4.22; p = 0.0002), time x depth (Pseudo F = 5.89; p = 0.0020), site x
depth (Pseudo F = 4.40; p < 0.0001), and time X site X depth interactions (Pseudo F = 1.65;
p = 0.0385). A widespread burst in cyanobacterial growth across sites and depth gradients
was observed following hurricanes. Percent cyanobacterial cover increased across sites,
ranging from +98.21 to +1228.57%, with an overall increase from a global mean of 0.51 to
2.30%, or a magnitude of 350.98% (Table S10).

Before hurricanes, shallow reef zones (<5 m) had a mean cyanobacterial cover of 0.10%,
intermediate depths (5-10 m) had a mean of 0.30%, and deeper zones (10-15 m) had a mean
of 1.12%. After hurricanes, shallow reef zones had a mean cyanobacterial cover of 0.98%
(a magnitude 880.00% increase), intermediate depths had a mean of 2.33% (a magnitude
676.67% increase), and deeper zones had a mean of 3.58% (a magnitude 219.64% increase).

A significant temporal (Pseudo F = 51.21; p < 0.0001), site (Pseudo F = 28.42; p < 0.0001),
and depth-related (Pseudo F = 44.81; p < 0.0001) post-hurricane increase in the percent open
substrate (sand, pavement, rubble) cover resulted from the strong hurricane mechanical
impacts to reef substrate (Table 7 and Table S11). There were also significant time X site
(Pseudo F = 18.71; p < 0.0001), time x depth (Pseudo F = 15.47; p < 0.0001), site x depth
(Pseudo F = 9.20; p < 0.0001), and time x site x depth interactions (Pseudo F = 2.76;
p <0.0001). Observed variation in percent open substrate cover included both site-specific
increases and declines, depending on site exposure to extreme wave action and swells and
the destruction of the shallow reef’s framework and the formation of extensive rubble fields.
Percent open substrate cover shifted across sites, ranging from —55.33 to +343.29%, with an
overall increase from a mean of 9.12 to 16.22%, or a magnitude of 77.85% (Table S11).

Before the hurricanes, shallow reef zones (<5 m) had a global mean percent open
substrate cover of 9.68%, intermediate depths (5-10 m) had a global of 9.97%, and deeper
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zones (10-15 m) had a mean of 7.70%. After the hurricanes, shallow reef zones had a mean
open substrate cover of 21.58% (a magnitude 122.93% increase), intermediate depths had a
mean of 19.58% (a magnitude 96.39% increase), and deeper zones had a mean of 7.48% (a
magnitude 2.86% decline).

There was a marginally significant temporal decline in percent sponge cover from
0.19% to 0.11%, or a magnitude loss of 42% (Pseudo F = 3.72; p = 0.0512) (Table 7). Deeper
zones sustained significantly higher percent sponge cover than middle or shallower zones
(Pseudo F = 0.80; p < 0.0001). No significant location or interaction effects were documented.

3.5. Spatio-Temporal Variation in Benthic Community Structure

There was a highly significant temporal (Pseudo F = 128.78; p < 0.0001), site (Pseudo
F =36.56; p < 0.0001), and depth-related (Pseudo F = 72.46; p < 0.0001) post-hurricane
variation in benthic community structure (Table 8). There was also significant time X site
(Pseudo F = 7.11; p < 0.0001), time x depth (Pseudo F = 10.37; p < 0.0001), site x depth
(Pseudo F=7.64; p < 0.0001), and time X site x depth interactions (Pseudo F = 1.96;
p <0.0001).

Table 8. Summary of a three-way crossed PERMANOVA test of the spatio-temporal variation in
benthic community structure before and after Hurricanes Irma and Maria.

Source 1 df MS Pseudo_F P (Perm) P (Perm)
Time 1 21019 128.78 <0.0001 9950
Site 9 5966.5 36.56 <0.0001 9850
Depth 2 11826 72.46 <0.0001 9938
Time x Site 9 1161.2 7.11 <0.0001 9871
Time x Depth 2 1682.7 10.37 <0.0001 9943
Site x Depth 18 1246.9 7.64 <0.0001 9824
Time X Site x Depth 18 319.78 1.96 <0.0001 9834

Residual 300 163.22

1 Based on 9999 permutations.

Principal coordinates ordination (PCO) shows the spatio-temporal variation in benthic
community structure across sites, before and after Hurricanes Irma and Maria (Figure 10).
Vectors shown based on Spearman rank correlation >0.70 suggest that most of the observed
variation across axis PCO 1 (37.8% of the total variation) were explained by pre-hurricane
dominance by CCA, Agaricia agaricites, A. cervicornis, Porites porites, and P. furcata, and by an
observed post-hurricane increase in dominance by blooming macroalgae and cyanobacteria.
Axis PCO 2 explained 22.3% of the total variation mostly by variation in the dominance
by Star coral species complex, O. annularis, O. faveolata, and O. franksi, and by Diploria
labyrinthiformis. This solution explains 60.1% of the spatio-temporal variation.

Other coral decline, beyond endangered species, showed from modest to substantial
populations declines following hurricane disturbances. Figure S3 shows bubble plots
evidencing declining population trajectories of endangered coral species before and after
Hurricanes Irma and Maria in A. cervicornis, O. annularis, O. faveolata, O. franksi, and D.
cylindrus. Figure S4 shows population trajectories of branching coral species before and after
the hurricanes for P. porites, P. furcata, P. divaricata, A. agaricites, and A. humilis. Figure S5
illustrates population trajectories in large and small massive coral species before and after
the hurricanes for Pseudodiploria strigosa, P. clivosa, D. labyrinthiformis, Siderastrea sidereal,
and P. astreoides. Observed coral decline was trait specific. Branching corals showed the
highest post-hurricane mean decline (78%): P. porites (64%), P. furcata (70%), P. divaricata
(100%). Mean decline in laminar corals was 77%: A. agaricites (72%), A. humilis (83%). The
lowest mean decline (22%) was documented in small and large massive corals: P. astreoides
(6%), P. strigosa (15%), P. clivosa (25%), D. labyrinthiformis (24%), S. siderea (42%).
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Figure 10. Principal coordinates ordination (PCO) showing trajectories of benthic community struc-
ture across sites, before and after Hurricanes Irma and Maria. 0 (dark blue) = before, 1 (aqua-
marine) = after. Vectors shown are based on a Spearman rank correlation > 0.70. This solution
explains 60.1% of the observed spatio-temporal variation. Acer = Acropora cervicornis; Ppor = Porites
porites; Pfur = P. furcata; Aaga = Agaricia agaricites; Dlab = Diploria labyrinthiformis; Oann = Orbicella
annularis; Ofav = O. faveolata; Ofra = O. franksi; Mac = Macrocalgae; CCA = Crustose coralline algae;
Cya = Cyanobacteria.

A similarity percentage (SIMPER) test of the temporal variation (before and after
hurricanes) in coral reef benthic community structure across surveyed sites showed that turf
was the dominant overall taxa (21.94%) before hurricanes, followed by R. textilis (18.95%),
and macroalgae (16.71%), which explained 57.60% of the observed variation (Table 512).
The most important coral species explaining the observed pre-hurricanes variation was
P. astreoides (6.71%). Average pre-hurricane similarity was 68.40%. Macroalgae were the
dominant overall taxa (27.92%) after hurricanes, followed by algal turf (17.64%), and open
substrate (SPR) (15.78%), which explained 61.34% of the observed variation. The most
important coral species explaining the observed variation was P. astreoides (6.31%). Average
post-hurricane similarity was 70.13%. Endangered A. cervicornis percent contribution
declined from 2.25 to 0.31%, O. annularis from 3.83 to 3.52%, and D. cylindrus from 0.1
to 0% after the hurricanes. Orbicella faveolata remained nearly stable from 1.24 to 1.25%,
and O. franksi slightly increased from 0.12 to 0.19%. The observed variation suggests an
important spatio-temporal phase shift in coral reef benthic community structure which
favored macroalgae at some locations and filamentous algal turf at others. Macroalgae
were the dominant taxa which explained before-after variation (12.33%), followed by algal
turf (11.31%), and open substrate (SPR) (9.15%), which explained 32.80% of the observed
before-after variation.

Additional SIMPER analyses showed that different taxa were dominant at different
locations (Table S13). Non-reef building taxa were dominant across all sites, which could be
an indicator of long-term decline. Macroalgae were dominant at PCR, DAK, GRO, and COS.
Algal turf was dominant at CAR, CRE, CBT, and PLM. Ramicrusta textilis was dominant
at AMA and CON. Table S13 also shows all the taxa that explained the observed spatial
variation among all sites. Algal turf explained 35.5% of the observed variation among sites,
while macroalgae explained 22.2%. Open substrate (SPR) and A. cervicornis explained 13.3%
of the observed variation, respectively. CCA explained 8.9% of the observed variation,
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while O. annularis explained 6.7% of the variation among sites. Algal turf explained 35.5%
of the observed variation among sites, while macroalgae explained 22.2%. Open substrate
(SPR) and A. cervicornis explained 13.3% of the observed variation, respectively. CCA
explained 8.9% of the observed variation, while O. annularis explained 6.7% of the variation
among sites.

SIMPER tests also showed temporal variation (before-after hurricanes) of coral reef
benthic community structure across sites which suggests a widespread phase shift favoring
macroalgae at some sites and filamentous algal turf at others (Table S14). Macroalgae were
dominant at PCR before (18.96%) and after the hurricanes (25.88%). Turf was dominant
at DAK before the hurricanes (32.68%), and then macroalgae was dominant after the
hurricanes (41.21%). Turf dominated CAR before (30.84%) and after the hurricanes (28.41%).
Ramicrusta textilis dominated AMA before the hurricanes (25.67%), and then open substrate
(SPR) after the hurricanes (22.95%) because of extensive rubble fields formation. Similarly, R.
textilis was dominant at GRO before the hurricanes (29.12%), and then open substrate after
the hurricanes (30.13%) because of extensive rubble fields formation. Turf was dominant
at COS before the hurricanes (16.85%), and then macroalgae after the hurricanes (21.80%).
Similarly, turf was dominant at CRE before the hurricanes (19.31%), and then macroalgae
after the hurricanes (23.73%). Ramicrusta textilis was dominant at CON before the hurricanes
(23.45%), and then macroalgae after the hurricanes (25.46%). Turf was dominant at CBT
before the hurricanes (23.91%), and then macroalgae after the hurricanes (21.97%). Turf
was also dominant at PLM before the hurricanes (26.08%), and then macroalgae after the
hurricanes (27.96%).

An increasing abundance of cyanobacteria explained most of the observed variation
before and after the hurricanes at PCR (12.58%), while increasing abundance of macroalgae
explained variation at DAK (26.65%) (Table S15). An increasing abundance of Ramicrusta
textilis explained most of the observed variation before and after the hurricanes at CAR
(14.02%), while an increasing abundance of open substrate (SPR) explained variations
at AMA (14.99%). An increasing abundance of open substrate explained most of the
observed variation before and after hurricanes at GRO (16.36%) and at COS (14.80%). An
increasing abundance of macroalgae explained most of the observed variation before and
after hurricanes at CRE (11.76%) and at CON (14.81%). An increasing abundance of turf
explained most of the observed variation before and after hurricanes at CBT (15.26%) and
at PLM (17.04%).

3.6. Spatio-Temporal Variation in Biodiversity

There was a highly significant temporal (Pseudo F = 88.83; p < 0.0001), site (Pseudo
F =51.39; p < 0.0001), and depth-related (Pseudo F = 30.20; p < 0.0001) post-hurricane
decline in coral species richness (Figure 11a, Table 9). There were also significant time x site
(Pseudo F = 3.30; p < 0.0001), time x depth (Pseudo F = 5.86; p < 0.0001), and site x depth
interactions (Pseudo F = 4.58; p < 0.0001).

A highly significant temporal (Pseudo F = 66.23; p < 0.0001), site (Pseudo F = 42.41;
p < 0.0001), and depth-related (Pseudo F = 19.78; p < 0.0001) post-hurricane increase was
documented in H'. (Figure 11b, Table 9). There were also significant time x site (Pseudo
F =4.01; p <0.0001), time x depth (Pseudo F = 11.28; p < 0.0001), site x depth (Pseudo
F =4.58; p <0.0001), and time X site x depth interactions (Pseudo F = 1.69; p = 0.0378).

J'c showed a highly significant temporal (Pseudo F = 5.57; p = 0.0280), site (Pseudo
F =11.86; p < 0.0001), and depth-related (Pseudo F = 6.02; p = 0.0058) post-hurricane
increase (Figure 11c, Table 9). There were also significant time x site (Pseudo F = 7.91;
p <0.0001), time x depth (Pseudo F = 4.53; p = 0.0195), site x depth (Pseudo F = 5.34;
p <0.0001), and time x site x depth interactions (Pseudo F = 2.35; p = 0.0055).

A distance-based test for homogeneity of multivariate dispersions (PERMDISP) anal-
ysis of coral y/-transformed p-diversity based on Euclidean distance showed highly sig-
nificant overall temporal variation in multivariate dispersions following the hurricanes
(F =5.80; d.f. =1;358; p (perm) = 0.0005). There was also significant spatial variation in mul-
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tivariate dispersions (F = 10.35; d.f. = 9;350; p (perm) < 0.0001). No significant depth-related
variation was observed (F = 2.07; d.f. = 2;357; p (perm) = 0.3055). A highly significant
spatio-temporal variation (F = 7.95; d.f. = 19;340; p (perm) < 0.0001) in the homogeneity of
multivariate dispersions was documented for time x site combinations. There was also a
highly significant spatio-temporal variation (F = 6.05; d.f. = 5;354; p (perm) = 0.0029) in the
homogeneity of multivariate dispersions found for time x depth combinations. A highly
significant spatio-temporal variation (F = 5.80; d.f. = 59;300; p (perm) < 0.0001) in the homo-
geneity of multivariate dispersions was also found for time x site x depth combinations.
Observed patterns reflect a combination of natural spatial variability in 3-diversity, but
also significant variation resulting from hurricane impacts. Declining species richness on
multiple locations resulted in increased (3-diversity by sampling unit.
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Figure 11. Spatio-temporal variation in coral biodiversity before and after Hurricanes Irma and
Maria: (a) Species richness (S); (b) Species diversity index (H'.); (c) Evenness (J'¢).
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Table 9. Summary of a three-way crossed PERMANOVA test of the spatio-temporal variation in coral
biodiversity before and after Hurricanes Irma and Maria: (a) Species richness (S); (b) Species diversity
index (H'.); (c) Evenness (J'¢).

Species Diversity Evenness
Source ! df Richness Index 7'
(S) H'0) ¢
. 88.83 66.23 5.57
Time 1 <0.0001 <0.0001 0.028
Site 9 51.39 42.41 11.86
<0.0001 <0.0001 <0.0001
Depth 2 30.2 19.78 6.02
<0.0001 <0.0001 0.0058
Time x Site 9 3.3 4.01 7.91
0.0006 <0.0001 <0.0001
Time x Depth 2 5.86 11.28 4.53
0.0026 <0.0001 0.0195
Site x Depth 18 4.58 4.58 5.34
<0.0001 <0.0001 <0.0001
Time x Site x Depth 18 1.04 1.69 2.35
0.4107 0.0378 0.0055
Residual 300

! Based on 9999 permutations; data = Pseudo-F statistic, p value.

4. Discussion
4.1. Hurricane Impacts to Endangered Corals

Hurricanes Irma and Maria, both category five hurricanes, had unprecedented impacts
on coral reefs in the northeastern Caribbean, including PR. The degree of impact varied
based on factors such as proximity to the hurricane’s center, exposure to wave action, and
coral morphological traits. Prior to these hurricanes, the last direct impact of a category
five hurricane on PR was in 1928. According to the traditional ecological knowledge of
many older fishers in PR, mechanical damage by that hurricane on shallow reefs never
showed any recovery, implying persistent impacts lasting many decades. The observed
mechanical impacts in 2017 primarily affected colonies of endangered coral species, raising
concerns about the sustainability of coral reef ecological functions. The damage caused by
the hurricanes can be categorized into four major types: (1) Mechanical destruction of reef
framework leading to extensive rubble fields; (2) Colony fragmentation and dislodgment;
(3) Abrasion by sediment bedload; and (4) Burial by displaced sediments and rubble. The
mechanical destruction resulted from exposure to strong waves during the hurricanes,
leading to the formation of rubble fields in shallow reef grounds, with further expansion
into moderate to deeper reef zones depending on location and exposure to prevailing
winds. Windward coral reefs facing east and southeast of Culebra Island and at ALCNR
experienced more severe mechanical impacts.

These observations align with the existing literature on the profound impacts of
major hurricanes. A comparable scenario occurred with category four Hurricane Hugo in
1989, which inflicted substantial physical damage to coral reefs in St. John, USVI [66,67].
Additionally, hurricanes have been found to increase species diversity in local scales due
to the removal of dominant species [68]. Hurricane Allen in 1980, with 11.5 m waves,
caused extensive mechanical damage to A. palmata assemblages in Discovery Bay, Jamaica,
resulting in a significant loss of live coral cover [69-71]. The damage persisted for years [72]
and was exacerbated by category five Hurricane Gilbert in 1988 [71,73]. The combined
impact of Hurricane Allen in 1980 and post-hurricane coral diseases resulted in further loss
of live coral cover in Jamaican reefs [74]. Similar losses occurred with Hurricane Iris in 2001
in Belize, emphasizing the persistent and severe consequences of strong hurricanes on coral
ecosystems [75], and the high risks for already severely depleted endangered Acroporid
coral stands.
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This study revealed significant site-, depth-, and species-specific adverse effects on
endangered coral species because of strong wave impacts on coral reefs. Branching or
columnar species, including A. palmata, A. cervicornis, and D. cylindrus, experienced exten-
sive damage at various locations, leading to nearly local population extirpation, especially
in shallower windward reef zones. Larger size stages of Acroporid species witnessed re-
markable declines, and pillar coral vanished from many locations. In contrast, endangered
massive corals like Orbicella spp. were less affected by wave action but faced challenges
from sediment bedload abrasion and burial by displaced sand or hurricane-generated
rubble, regardless of its size stage. Notably, no signs of recovery were observed within a
year of hurricane impacts, underscoring the importance of coral morphological traits in
explaining the observed impacts on coral reef benthic assemblages.

A comprehensive study of 286 Caribbean coral reef locations reported an average 17%
loss in percent live coral cover one year after the hurricanes [24]. The extent of this loss
correlated with hurricane intensity and time since the last impact. In our investigation, there
was a substantial 34.5% loss in percent live coral one year after being hit by two category
five hurricanes, which is double the average annual loss following regional hurricanes from
1980 to 2001. The overall decline in coral cover at hurricane-impacted sites in the wider
Caribbean during the same period was significantly faster (6% per annum) compared to
non-impacted sites (2% per annum) [24]. However, the annual mean rate of percent live
coral cover loss associated with the impacts of Hurricanes Irma and Maria in northeastern
PR was an unprecedented 475% higher than the regional mean. Recovery to a pre-storm
state was not evident in the Caribbean region for at least eight years after impact [24].
Similarly, our study showed no signs of recovery one year after the impacts, consistent with
findings of a significant lack of natural coral community recovery in hurricane-affected
locations in PR [23].

Hurricane impacts in this study exhibited differential vulnerability among coral
species. Branching corals (A. palmata, A. cervicornis, P. porites, P. furcata, and P. divari-
cata) and pillar coral (D. cylindrus) were highly susceptible to mechanical fragmentation
and dislodgment by hurricane-driven wave action and storm surge. Laminar and leaf
corals (A. agaricites, A. humilis) showed moderate sensitivity to mechanical destruction
by wave action. Small encrusting and massive colonies (P. astreoides, P. strigosa, P. clivosa,
D. labyrinthiformis) had minimal vulnerability to wave action but were highly susceptible
to sediment bedload and burial by displaced sand and rubble. Large-sized massive and
boulder corals (O. annularis, O. faveolata, O. franksi, S. siderea) showed minimal vulnerability
to dislodgment by wave action but were highly susceptible to sediment bedload and burial
by displaced sand and rubble. Massive corals and D. cylindrus were also vulnerable to a
post-hurricane white plague-like syndrome. Examples of these impacts are provided in
Appendix A.

The study documented a substantial decline includen the colony surface area of the
endangered A. palmata, revealing a 71% reduction in surface area, 78% in colony volume,
46% in colony height, and 23% in live tissue cover following both hurricanes. The frequency
of colony fragments increased by 113%, and sexual recruits (crusts) exhibited a 131%
increase, suggesting a fair level of population recovery in some of Culebra Island’s sites. In
contrast, the combined impacts of hurricanes Dennis, Katrina, Rita, and Wilma in 2005 in
Florida resulted in only a 10% loss in A. palmata percent live tissue cover and a 20% reduction
in colony surface area [76]. The noteworthy distinctions in impact include substantially
higher maximum wind speeds exceeding 270 km/h in two consecutive hurricanes within
two weeks in PR, compared to wind speeds ranging from 90 to 147 km/h in Florida
during the 2005 hurricanes. Additionally, A. palmata colony sizes were generally larger in
PR than in Florida. The findings of significant recovery of remnant fragments and high
recruitment on some of the most impacted sites align with observations in St. John, USVI,
following Hurricanes Hugo, Marilyn, and Louis [77], suggesting that recovery responses
may vary depending on reef zone, degree of impact, and the environmental history of
each location. Coral reefs under generally better environmental conditions, with adequate
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water quality, higher biodiversity, live coral cover, and ecosystem resilience, promote a
higher natural recovery potential following hurricane disturbance. Moreover, the observed
higher abundance of A. palmata recruits on severely impacted locations may also reflect
demographic impacts by hurricanes on potential space competitors (i.e., macroalgae, R.
textilis, cyanobacteria) or the mechanical removal of corallivores.

The impacts of hurricanes on coral reefs are influenced by various factors, includ-
ing temporal and spatial scales, life history characteristics, morphology of dominant
species, reef zone depth, ecological history, and exposure to additional natural or hu-
man stresses [68]. Shallow reef assemblages with dominant species affected by hurricanes
may exhibit higher recovery potential and increased species diversity. Coral size stage
is also a crucial factor determining the outcome of major hurricane impacts. Large-sized
hurricane-generated fragments of A. palmata showed higher survival rates than smaller frag-
ments following Hurricane Gerta in Belize (1978), indicating the critical role of intermediate
disturbances in promoting coral species redistribution and sustaining coral calcification [78].
Demographic evidence from O. annularis colonies affected by Hurricanes Irma and Maria in
St. John, USVI suggests a significant decline in colonies of smaller size categories, indicating
impacts on populations that have already undergone substantial loss in percent cover [79].
Similarly, combined impacts from Hurricane Mitch and a mass coral bleaching event in
Belize resulted in an 80% loss in the abundance of coral recruits of numerous genera [80].
The long-term loss in percent live coral cover resulting from major disease outbreaks may
lead to a permanent loss of large colonies in a population. Under such conditions, no net
recovery following hurricane disturbances was documented in St. John, USVI, in coral
reefs previously affected by mass coral mortalities due to disease outbreaks [77]. Therefore,
a combination of direct factors (e.g., abrasion by dislodged colonies, fragments, burial by
sand or rubble) and indirect factors (e.g., out-competition by macroalgae or cyanobacterial
mats, corallivory, epizootic outbreaks) may play critical roles in determining the degree
of impacts according to coral colony size stages, increasing the vulnerability of smaller
colonies or hurricane-generated fragments. Therefore, coral demographic performance
following hurricanes is critical to determine population persistence depending on life trait
and size stage.

This study revealed that shallower reef zones experienced the most significant me-
chanical impacts, consistent with previous findings that documented substantial physical
damage to reef flats and back reefs, particularly affecting species such as A. palmata, Porites
spp., and small, massive species [81-83]. The observed impacts showed high persistence,
with extensive mechanical damage and limited recovery [84,85]. Within a year of the
impacts, the observed recovery of shallow coral assemblages in this study was mostly
limited to modest natural reattachment of branching species, including A. palmata, A. cervi-
cornis, and Porites spp. Endangered A. cervicornis experienced a decline of 79% following
hurricanes Irma and Maria, comparable to the 65% reduction observed after category five
Hurricane Allen (1980) in Jamaica [86]. However, there was a remarkable up to 98% loss in
A. cervicornis stands within one year of the disturbance, primarily resulting from delayed
mortality due to combined disease and predation impacts on remnant fragments [87].
The effects persisted for at least a decade following the disturbance [88]. In Jamaica, the
mechanical destruction of reef frameworks significantly impacted the spatial distribution of
fish habitats, reduced fish predator abundance, and altered the behavior of herbivores [89].
While fish assessments were not part of this study in PR, ongoing studies in Culebra Island
have indicated that fish assemblages on hurricane-flattened reef frameworks, presently
dominated by R. textilis and rubble, support significantly lower fish density, biomass, and
species richness compared to adjacent locations with higher percent live coral cover and
greater benthic spatial heterogeneity (Hernandez-Delgado, unpublished data).

Post-hurricane declines in percent live coral cover for other endangered corals in this
study varied from modest to substantial, with 7% in O. faveolata, 12% in O. annularis and
O. franksi, and a significant 96% in D. cylindrus. As a comparison, the impacts of major
hurricanes Emily and Wilma in 2005 in México resulted in a 2% loss in O. annularis and
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a 66% loss in O. faveolata [90]. The observed coral decline in this study exhibited trait-
specific patterns, with branching corals showing the highest post-hurricane mean decline
(78%): P. porites (64%), P. furcata (70%), P. divaricata (100%). In México in 2005, there was
a 93% loss in P. porites [90]. The mean decline in laminar corals in this study was 77%: A.
agaricites (72%), A. humilis (83%). In comparison, there was a 36% loss in A. agaricites, a
100% loss in A. lamarcki, and a 96% loss in A. tenuifolia in México in 2005 [90]. The lowest
mean decline in this study (22%) was documented in small and large massive corals: P.
astreoides (6%), P. strigosa (15%), D. labyrinthiformis (24%), P. clivosa (25%), S. siderea (42%).
In contrast, there was an 11% loss in P. astreoides, 88% loss in P. strigosa, 100% loss in P.
clivosa, and a 4% loss in S. siderea in México following the 2005 hurricane impacts [90]. The
observed loss in D. cylindrus in this study aligns with the documented mortality of large,
fragmented columns in this species in San Andrés, Colombia [91]. However, hurricanes
have been shown, at least in K-selected, low-recruiting O. annularis, to play a fundamental
role in enhancing genetic diversity through mechanical fragmentation in locations exposed
to a higher frequency of hurricanes [92]. Therefore, mechanical impacts on smaller and
medium-sized columnar O. annularis colonies might be important for genotypic dispersion.

This study revealed a significant post-hurricane decline in coral reefs, posing a threat to
the sustainability of their ecological functions. The loss in live coral cover was widespread
across different geographic regions, locations, and depth zones, indicating a regime shift
favoring the dominance of macroalgae, algal turf, and cyanobacteria. Hurricanes triggered
a substantial and widespread macroalgal bloom, primarily led by red algae Liagora spp.,
A. caribaeum, and T. pedicellata, especially in windward locations exposed to strong wave
action. A subsequent phase shift in macroalgal assemblages occurred, resulting in localized
dominance by nuisance brown macroalgae L. variegata and Dictyota spp. The formation of
hurricane-generated rubble fields, quickly colonized by macroalgae, was observed. These
moving substrates can become projectiles during subsequent hurricanes, preventing natural
coral recolonization and reef recovery due to a lack of bottom physical stability. This could
further compromise the sustainability of reef ecological functions and services.

In Jamaica, the combined impacts of hurricane damage, overfishing, and coral dis-
eases led to a staggering 90% loss in live coral cover within two decades, resulting in
a major regime shift with macroalgal dominance [34]. Similarly, in Belize, three major
hurricanes—Mitch (1998), Keith (2000), and Iris (2001)—caused a 67% loss in live coral
cover, accompanied by a permanent increase in L. variegata cover [75]. Cozumel, México,
experienced a 56% loss in live coral cover following the impacts of category five Hurricane
Emily and category four Hurricane Wilma in 2005 [93]. These instances highlight how
major hurricanes can severely undermine the resilience of natural coral reef ecosystems,
triggering a significant regime shift favoring macroalgal dominance, compromising their
ability to recover naturally and sustain ecological functions, services, and benefits.

In this study, a net loss of 42% in percent sponge cover was also observed, with
considerable spatial variability. Most of the sponge mortality was attributed to sediment
bedload, abrasion, and burial from hurricane-generated rubble. A comparison with the
impacts of Hurricanes Irma and Maria in St. Thomas, USVI, revealed a 37% decline in
upright sponges and a 24% increase in encrusting sponges, highlighting the trait-specific
nature of damage inflicted by wave action in sponge communities [94].

Evidence from the southwestern Pacific highlights significant typhoon impacts on
coral reef assemblages, many of which were similar to this study. Notable losses in percent
coral cover were observed on windward reef slopes in Palau following super typhoon
Bopha in 2012 and super typhoon Haiyan in 2013 [95,96]. These super typhoons generated
a major bloom of red macroalgae Lobophora spp., leading to significant coral recruitment
failure in Palau, like observations in this study. Super typhoon Yolanda (Haiyan) caused
extensive mechanical destruction of shallower branching corals in the Philippines [97].
Super typhoon Wutip in 2013 in China resulted in a 46% loss of coral cover in shallow
exposed forereef areas, with most impacts on branching forms [98]. Additionally, super
typhoon Pamela (1976) caused substantial branching coral breakage on shallow reef zones



Sustainability 2024, 16, 1506

28 of 59

and significant sediment transport from adjacent beaches in Guam [99]. These observations
support observations of this and other studies from the Atlantic that branching forms are
the most vulnerable coral morphological trait. Catastrophic impacts were also observed
on forereef slopes across other southwestern Pacific locations [100]. Interestingly, upper
mesophotic (25-32 m) foliose coral assemblages were mechanically disrupted by typhoon
Jelawat in Japan in 2012 [101]. Despite significant mechanical impacts by cyclone Erica
(2003) in New Caledonia, coral reefs showed remarkable rapid recovery following the
disturbance [102]. Moreover, despite a shift from dominance by foliose to bushy corals,
upper mesophotic reefs in Japan exhibited rapid natural recovery following typhoon
Jelawat [103]. Wave energy modeling has suggested that coral bleaching-related mortality
in the Great Barrier Reef may lead to reduced wave energy attenuation during storm
events [104]. Modeling has also projected that super typhoon impacts may significantly
affect tabular and branching coral traits with increasing global warming impacts [105]. This
aligns with potential expectations of future hurricane impacts across Atlantic reefs.

Combined extreme rainfall and wave action during both hurricanes also had a sig-
nificant prolonged impact on water quality in PR, influencing post-hurricane algal and
cyanobacterial blooming dynamics. Horizontal water transparency (Secchi disk) at various
locations in Culebra declined significantly, affecting both outer Ensenada Honda Bay and
the inner bay for an extended period after both hurricanes (Hernandez-Delgado, unpub.
data). In PR, up to 59% of coral reefs and 63% of seagrass communities were impacted
by adverse water quality following Hurricanes Irma and Maria. Specifically, 48% of coral
reefs exceeded chlorophyll-a thresholds in September, 38% in October, 60% in November,
and 45% in December [106]. Additionally, 50% of coral reefs surpassed the light extinction
coefficient (Kd490) threshold in September, 37% in October, 57% in November, and 47% in
December, indicating a sustained decline in water quality over at least three months [106].
About 52% of coral reef habitats were moderately exposed to a high chlorophyll-a concen-
tration, and 51% to Kd490 values beyond coral reef tolerance thresholds. These findings
align with a temporal increase in turbidity for three months following both hurricanes
in St. John, US Virgin Islands, resulting in a reduction in photosynthetically active radi-
ation (PAR) at 19 m equivalent to <0.001% of surface irradiation [107]. Such a decline in
PAR, coinciding with a low Kd490, may explain subsequent observations of blooming
macroalgae and cyanobacteria. Large reductions in underwater irradiation have adverse
implications for photosynthetic taxa, but through the turbidity that reduces underwater
light, they promote population growth by suspension feeding invertebrates, including
encrusting sponges, which might explain subsequent findings at St. Thomas [94]. Declining
dissolved oxygen concentrations can also be deleterious for coral reef ecosystems [11].
Extreme rainfall during storm events can also be capable of producing significant coral
mortality [108] and generate important sediment delivery to adjacent coral reefs [109-112].
The decline in dissolved oxygen concentration and sediment delivery to adjacent coral
reefs during extreme rainfall events further underscores the need to address the impacts
of strong hurricanes during the Anthropocene. Understanding the mechanisms of novel
coral reef responses to disturbances and their recovery trajectories becomes increasingly
important in this context.

Hurricane-driven waves represent the primary cause of physical damage to corals and
coral reefs [113], often resulting in the breaking of coral branches and the overturning of
colonies [114]. The dislodged coral pieces, combined with the destruction of a bioeroded
reef framework, become projectiles that cause irreparable mechanical and abrasive damage
to coral assemblages when propelled onto other parts of the reef. The wave action and
strong winds from Hurricanes Irma and Maria also inflicted significant mechanical damage
to associated seagrass communities in Puerto Rico and Florida [115,116]. These observations
underscore the extensive nature of the impacts and highlight the permanent adverse effects
of hurricanes on the sustainability of natural connectivity, ecological functions, benefits,
and services within interconnected coastal ecosystems.
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4.2. Can Coral Reefs Recover Rapidly from Major Hurricane Impacts?

The level of mechanical damage caused by hurricanes is influenced by the degree of
exposure to wave action and the wind field. This damage can lead to macroalgal blooms,
as observed in Palau [117], and may impact long-term natural recovery, as documented in
St. Croix, USVI, following Hurricane Hugo (1989) [77]. The combined impact of hurricanes
Emily, Katrina, Rita, and Wilma (2005) scoured the reefs of the Florida Keys, resulting
in limited coral loss [118]. However, Hurricane Rita caused an 11% decline in live coral
cover on the deep reefs of the Flower Garden Banks in the Gulf of Mexico [119]. Studies
have shown varying degrees of destruction by hurricanes to deeper banks, with significant
live coral loss at different depths, both across Atlantic and Pacific reefs [100,120]. The
nature and extent of wave action, wind strength, and duration of stronger conditions, as
well as reef position, geomorphology, and biological composition, all play vital roles in
determining the bathymetric extension of impacts, the degree of community modification,
and their natural recovery ability.

Recovery from hurricane damage is variable in both time and space, and depending
on coral life history traits. Branching corals, like A. palmata, have the potential for quick
recovery due to their rapid growth, and broken branches can regrow in new areas [121-123].
However, recovery may face hindrances such as the accumulation of shifting sediments and
movement of hurricane-generated rubble [83,100,111,124-128]. Additionally, an increased
abundance of macroalgae and cyanobacteria, which compete for space within the reef, can
impact coral recovery potential [75,79,129]. Terrestrial runoff resulting from heavy rainfall
can further influence nearshore reef ecosystems by smothering corals with sediment and
other debris, increasing turbidity and nutrient concentrations that influence macroalgal
growth rates, and lowering salinity [106]. Current projections of reef decline due to com-
pounding environmental degradation also suggest a significant decline in coral rubble
ecological functions [130].

A recent study comparing coral reef fragility to hurricanes in Florida and PR found
that coral reefs in PR are significantly more vulnerable to hurricanes [131]. Despite the
previous devastation caused by major hurricanes in the wider Caribbean region, category
five Hurricanes Irma and Maria (2017) resulted in only a 1-4% decline in coral cover in St.
John, USV], although there was a significant increase in macroalgal abundance [79]. These
findings contrast with the results of the current study and with the previous literature. It
has been suggested that decades of chronic coral mortality have changed the coral assem-
blages of St. John, resulting in degraded communities that are resistant to severe storms.
Differences in coral reef fragility might have significantly changed following widespread
impacts by the stony coral tissue loss disease (SCTLD) across the region [132-134]. The
study argues that future major hurricanes could have limited impacts on coral biodiversity
across the northeastern Caribbean due to the extensive nature of coral losses and habitat
homogenization resulting from SCTLD since 2019 and from the 2023 widespread mass
coral bleaching event. However, despite such conditions, limited natural recovery on multi-
disturbance impacted coral reefs may promote higher fragility and vulnerability to future
major hurricanes, potentially leading shallow Caribbean coral reefs to novel ecological
states characterized by flattening and community homogenization, further minimizing
natural recovery ability.

4.3. A Future of Stronger Hurricanes and Increasing Damage to Caribbean Coral Reefs?

This study reveals a significant increase in the frequency of both weaker and stronger
storms across the northeastern Caribbean over the last four decades, particularly during
the period of 2011-2022. This pattern correlates strongly with ATM [CO;] levels, ocean heat
content, and thermosteric sea level changes from 1981 to 2022. Consistent with the recent
literature, this pattern is associated with reduced wind-driven cold-water upwelling and
weaker surface net heat loss, impacting SST anomalies and hurricane severity in 2017 [135].
Increased ocean heat content is linked to rapid intensification and extreme rainfall during
hurricanes, as observed in Hurricane Harvey in 2017 in Texas [136], USA [137]. Global
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records indicate rising rainfall rates in stronger hurricanes [138], aligning with increasing
storm activity across the Atlantic over the past 150 years [139].

Numerous modeling studies support the expectation of heightened hurricane impacts
under projected climate change scenarios, indicating increased intensification (though not
necessarily frequency) [140-145]. Evidence suggests a five-fold increase in the formation
of weak, short-lived storms across the Atlantic since the late 19th century [146]. Studies
also indicate a notable rise in the proportions of both weaker and stronger hurricanes,
with a 25-30% increase in the proportion of category 4 and 5 hurricanes per degree Cel-
sius of global warming. This study’s findings for the period of 2011-2022 align with the
development of a bimodal intensity distribution, with a secondary maximum at category
4 hurricanes [147]. The consensus among researchers underscores expectations of mean
stronger winds, lower pressure [148], increased environmental water vapor, higher hurri-
cane rainfall rates with rising SST [144,149,150], and up to three-fold increases in landfalling
hurricane damages by the end of the 21st century [151-153].

Atlantic hurricane models project additional changes, including an intensified convec-
tive potential [154], increased rates of rapid intensification [155-158], strengthened winds,
and heightened rainfall potential [142]. The models also predict the poleward migration of
the latitude of maximum intensity [159,160], a slowdown in the forward motion of major
hurricanes [161,162], and these conditions have been observed in numerous storms, with
expectations of increasing frequency in the future [145]. Some models also indicate an
elevated risk of more intense rainfall events during hurricanes [135,163,164] and heightened
risks of increased hurricane-related flooding events [165-167] and storm surge [168] under
projected warming and SLR trends. These projections pose an enhanced risk to human
coastal settlements and raise concerns about the persistence and sustainability of coral reefs
and their associated ecosystems.

The potential effects associated with stronger hurricanes that could significantly im-
pact coral reefs and their sustainability are numerous [169] and include the following:
(1) enhanced sediment resuspension which can cause abrasion or burial of coral colonies as
observed in this study; (2) significant strengthening of the surface wave spectrum which
can lead to extensive coral colony fragmentation and dislodgment, as well as massive
mechanical destruction of shallow to moderately deep reef frameworks, as observed in the
study; (3) alteration in surface currents which can change in both directions and magnitude
of surface currents leading to major sediment bedload and rubble field dispersal, resulting
in the burial of extensive reef bottoms; (4) prolonged reduction in ambient light which
can result in reduced PAR, impairing photosynthesis in coral’s zooxanthellae [106,107];
(5) upwelling of cold, nutrient-rich, deeper ocean water which may trigger major macroal-
gal blooms, although blooming can also occur due to land-based runoff and sediment
resuspension; (6) increase in runoff and water flow following heavy rainfall which can
influence runoff, pollution, and lead to blooming macroalgae, cyanobacteria, and phyto-
plankton, creating a temporary state of high turbidity and low PAR; and (7) enhanced
direct mechanical stress associated with degraded water quality, coral fragmentation and
dislodgment, shifting sands, moving rubble, and macroalgal out-competition. These effects
highlight the complex interplay between hurricanes and coral reef ecosystems, with multi-
ple stressors influencing their health, resilience, and the sustainability of their ecological
process, functions, and services.

5. Conclusions

The impacts of category five Hurricanes Irma and Maria in northeastern PR were
significant, affecting all endangered coral species in a region-, site-, depth-, and life history
trait-specific manner. The study revealed that shallower reefs, more exposed to wave
action, were the most affected. Vulnerability to wave impacts varied among species, with
those having branching forms being more susceptible. Species with foliose forms showed
moderate to minimal vulnerability to wave action. Small-sized massive corals were more
susceptible to sediment bedload and burial by displaced rubble fields. Large-sized massive
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and boulder corals were more susceptible to sediment bedload, partial burial by displaced
rubble fields, and a post-hurricane white plague-like syndrome.

Among the endangered species, Acropora palmata, A. cervicornis, and D. cylindrus were
identified as the most vulnerable to hurricane-driven wave action. Acroporid species
exhibited a low to moderate natural recovery ability through a combination of sexual
recruitment and the natural reattachment of fragments to the bottom. The study highlighted
a significant reattachment ability of hurricane-generated fragments for both Acroporid
species. Acropora palmata also demonstrated important recovery through sexual recruitment
in some offshore locations on Culebra Island. However, D. cylindrus showed very low
short-term (decadal scale) recovery potential, and its post-hurricane survival was further
compromised by the impacts of SCTLD, which decimated remnant populations.

The substantial decline in endangered coral assemblages poses a major threat to the sus-
tainability of reef biodiversity, carbonate accretion, and various ecological processes. This
emphasizes the need for conservation and restoration efforts, and management strategies to
mitigate the impacts of extreme weather events on coral reefs and promote their recovery.

Projected climate change is expected to bring a higher frequency of stronger hurricanes
to the tropical Atlantic, posing a severe threat to coral reef conservation, biodiversity, and
the ecological balance of the region. Urgent conservation measures are essential, including
safeguarding coral reefs, curbing greenhouse gas emissions, adopting sustainable practices
in fishing and coastal development, and implementing ecological restoration programs at
very large spatial scales. To support coral reef recovery, especially for vulnerable species
like A. palmata, A. cervicornis, and D. cylindrus, sustained efforts in coral propagation and
low-tech reef rehabilitation are crucial. The strategic recovery of local populations and the
assisted reconstruction of damaged habitats are needed to enhance reproductive stocks
and connectivity. This approach aims to revive fish assemblages, restore their trophic and
geo-ecological functions, create nutrient hotspots through enhanced fish aggregation, and
rebuild shallow nursery seascapes. In the long term, restoring shallow fringing reefs will
not only support coral recovery but also enhance wave energy and runup attenuation,
bolstering resilience against future hurricanes.

In the face of the increasing frequency of stronger hurricanes in the Atlantic and other
Pacific regions, adaptive and robust sustainability management strategies are crucial for
marine ecosystems, particularly coral reefs. Emergency responses following disturbances
should be swift, with a focus on stabilizing rubble fields and incorporating artificial and
semi-artificial restoration of benthic spatial relief as needed. Efforts should also be intensi-
fied in the propagation and restoration of rare, threatened, and endangered coral species.
To understand survival and growth dynamics under various conditions, demographic
performance quantification of out-planted corals is essential. Conservation initiatives must
adapt and strengthen, encompassing the establishment of marine protected areas, robust
enforcement and governance, co-management strategies involving local stakeholders, and
measures to improve coastal water quality and land use at a watershed scale. Coral reef
restoration, while critical for preventing ecological collapse and accelerating recovery
post-disturbance, requires upscaling interventions by increasing the number of restored
species and expanding spatio-temporal scales. Despite the significant damage inflicted by
hurricanes on coral reefs, they also offer opportunities for successful ecological restoration,
contributing to enhanced sustainability, resilience, connectivity, and the myriad benefits
and services provided by these ecosystems.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/su16041506/s1: Figure S1: Trajectory followed by Hurricane
Irma between 6 and 7 September 2017 across Puerto Rico; Figure S2: Trajectory followed by Hurricane
Maria during 20 September 2017 across Puerto Rico; Figure S3: Bubble plots showing species
trajectories of endangered coral species before and after Hurricanes Irma and Maria: (a) Acropora
cervicornis; (b) Orbicella annularis; (c) O. faveolata; (d) O. franksi; (e) Dendrogyra cylindrus; Figure S4:
Bubble plots showing species trajectories of branching coral species before and after Hurricanes
Irma and Maria: (a) Porites porites; (b) P. furcata; (c) P. divaricata; (d) Agaricia agaricites; (e) A. humilis;


https://www.mdpi.com/article/10.3390/su16041506/s1
https://www.mdpi.com/article/10.3390/su16041506/s1

Sustainability 2024, 16, 1506

32 of 59

Figure S5: Bubble plots showing large and small massive coral species trajectories before and after
Hurricanes Irma and Maria: (a) Pseudodiploria strigosa; (b) P. clivosa; (c) Diploria labyrinthiformis; (d)
Siderastrea siderea; (e) Porites astreoides; Table S1: Summary of spatio-temporal variation in percent
relative cover of Staghorn coral, Acropora cervicornis, before and after Hurricanes Irma and Maria;
Table S2: Summary of spatio-temporal variation in percent relative cover of Columnar star coral,
Orbicella annularis, before and after Hurricanes Irma and Maria; Table S3: Summary of spatio-temporal
variation in percent relative cover of Laminar star coral, Orbicella faveolata, before and after Hurricanes
Irma and Maria; Table S4: Summary of spatio-temporal variation in percent relative cover of Massive
star coral, Orbicella franksi, before and after Hurricanes Irma and Maria; Table S5: Summary of spatio-
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Appendix A

Photographic record of the impacts by Hurricanes Irma and Maria in some of the
surveyed coral reefs in Culebra Island, Puerto Rico (Figures A1-A41).
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Figure A1. Example of a demolished shallow (<3 m) mixed stand of Elkhorn coral (Acropora palmata)
and Staghorn coral (Acropora cervicornis) due to strong wave action during Hurricanes Irma and
Maria. Note nearly total mortality of A. cervicornis and the substantial partial colony mortality in
A. palmata. The end result of such massive reef destruction was a permanent flattening effect which
severely decimated shallow reef’s role as a fish nursery ground and as a natural buffer of wave energy
and runup.

Figure A2. Example of a demolished deeper (8 m) patch of Staghorn coral (Acropora cervicornis) due
to strong wave action during Hurricanes Irma and Maria. Note also the massive sand shift from
shallow reef zones displaced to deeper reef sections and covering extensive areas of reef slopes. The
end result of such massive reef destruction is a permanent flattening effect which severely decimated
essential fish habitats, impairing natural reef recovery ability.
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Figure A3. Example of a demolished shallow (<3 m) stand of Elkhorn coral (Acropora palmata) due
to strong wave action during Hurricanes Irma and Maria. Pounding waves caused the massive
destruction of A. palmata. Lose fragments piled up and suffocated numerous other fragments
that remained below. Regular wave action also moved fragments causing further abrasion and
fragment mortality.

Figure A4. Example of a formerly demolished mixed stand of Finger coral (Porites porites) and
Elkhorn coral (Acropora palmata) across a shallow reef front near Ensenada Honda Bay currently
dominated by extensive stands of Fire coral (Millepora complanata). According to local older fishers,
this shallow reef was mechanically impacted in 1979 by category 4 Hurricanes David and Frederick
(1979). This is evidence of how much stochastic disturbances such as hurricanes can inflict major
physical damage, shifting benthic community structure beyond natural recover, and permanently
reshaping shallow reefs composition and ecological functions.
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Figure A5. Example of the nearly total devastation of a Staghorn (Acropora cervicornis) thicket
following Hurricanes Irma and Maria. Waves in excess of 10 m height caused extensive destruction
of windward shallow reef’s framework, resulting in a mechanical collapse and in permanent reef
flattening.

Figure A6. The collapsed structure of Staghorn coral (Acropora cervicornis) patches resulted in major
reef flattening, affecting reef fish and demersal invertebrate communities due to the immediate loss
of diverse microhabitats.
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Figure A7. Partial view of a rubble field formed following Hurricanes Irma and Maria that killed
every coral colony across thousands of square meters of reef slope bottom at Grouper Reef (GRO).
Rubble fields are formed after extensive mechanical destruction of shallower coral reef segments.
Debris was deposited on backreefs and forereef slopes, causing immediate extensive coral mortality
by burial and a permanent reef flattening effect. This image shows partially buried sea fan (Gorgonia
ventalina) colonies.

Figure A8. Detailed view of a recently formed rubble field that suffocated thousands of coral colonies
following Hurricanes Irma and Maria in Culebra Island. The major concern with such formations is
that rubble fields are a novel, mobile substrate, capable of producing long-term extensive damage to
adjacent reef bottoms during subsequent disturbances such as future winter swells, tropical storms,
or hurricanes. Moving substrates can kill any potential sexual coral recruit by flipping over.
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Figure A9. Example of a dislodged head of Columnar star coral (Orbicella annularis). This colony
was temporarily overturned, which was already causing coral bleaching. The coral was also being
subjected to significant macroalgal overgrowth by Acrosymphyton caribaeum.

Figure A10. Example of a partially buried and suffocated colony of Massive star coral (Orbicella
franksi) under a recently formed rubble field during Hurricanes Irma and Maria. Note extensive
bleaching and partial tissue mortality. Note also that most of the rubble was formed by demolished
colonies of Finger corals (Porites spp.), which were rapidly dead by abrasion and suffocation.
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Figure A11. Example of a partially dead colony of Massive star coral (Orbicella franksi) dislodged by
wave action, and then suffocated under a recently formed rubble field during Hurricanes Irma and
Maria.

Figure A12. Dislodged colony of Brain coral (Pseudodiploria strigosa). Dislodgment and overturning
of coral heads under strong wave action often results in severe bleaching and eventual partial or
total mortality.
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Figure A13. Example of projectile impacts on soft corals. Massive impacts by dislodged rubble from
adjacent reef areas can be devastating and lethal for octocorals. This is an example of such impacts.
Note the nearly entire extirpation of the soft coral community from this reef following Hurricanes
Irma and Maria.

Figure A14. Large colony of Elkhorn coral (Acropora palmata) showing blunt (and already healing)
branches fragmented during Hurricanes Irma and Maria. Such blunt large coral colonies were
commonly found across numerous shallow reefs across northeastern Puerto Rico.
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Figure A15. Recently killed colony of the Mustard hill coral (Porites astreoides) due to severe abrasion
and suffocation by projectiles from moving rubble.

Figure A16. Unprecedented devastation from Hurricanes Irma and Maria. Extensive segments of
spur and groove systems on offshore windward coral reefs were mechanically pulverized by wave
action. Rubble produced by such massive destruction dispersed through adjacent grooves, clogging
sand channels among spurs. These deposits may become future projectiles during strong storm
events and heavy winter swells.
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Figure A17. Unprecedented devastation from Hurricanes Irma and Maria. Extensive segments of
spur and groove systems on offshore windward coral reefs dominated by Finger coral (Porites porites)
were mechanically pulverized by wave action, resulting in the physical disintegration of the substrate
and in extensive reef flattening. Rubble produced by such massive destruction dispersed through
adjacent grooves.

Figure A18. Rubble from the unprecedented destruction of adjacent reef spurs suffocated extensive
zones of deeper reef terraces and slopes, sometimes at depths reaching 10-15 m after rubble spillover
and burial.
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Figure A19. Example of a rubble field formed across a sandy reef groove system at a depth of 8-12 m.
Deeper reef spur and grooves and forereef terraces were affected by spillover and burial by rubble
displaced by wave action from shallower zones.

Figure A20. Example of a rubble field formed across a sandy reef groove system at a depth of 8-10 m.
The substrate of some groove channels was elevated from 1 to 2 m due to the heavy sand shift and
sediment or rubble deposition. This resulted in a stochastic reduction of benthic spatial heterogeneity.
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Figure A21. Deeper reef slopes were also severely suffocated by moving hurricane-generated debris,
causing further damage to corals, and a permanent loss of benthic spatial heterogeneity.

Figure A22. Partial suffocation and bleaching in a partially buried head of brain coral
(Colpophyllia natans).
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Figure A23. Partial bleaching and burial in a dislodged colony of Laminar star coral (Orbicella
faveolata).

Figure A24. Partially bleached and killed fragment of Elkhorn coral (Acropora palmata). Numerous
fragments of this species died by abrasive effects of projectiles during the hurricane or suffocation by
moving debris.
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Figure A25. Example of extremely turbid conditions of inner reefs at Ensenada Honda Bay, Culebra.
Poor water transparency across coral reefs persisted for a period of more than two months after
Hurricane Maria caused by blooming phytoplankton and resuspended silt following hurricanes and
major turbid runoff impacts.

Figure A26. Example of massive reef destruction, in combination with very high turbidity across
inner reefs at Ensenada Honda Bay, Culebra.
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Figure A27. Example of massive reef destruction and rubble field formation, in combination with
very high turbidity across inner reefs at Ensenada Honda Bay, Culebra.

Figure A28. Example of a major macroalgal bloom and phytoplankton bloom across one of the outer
reefs at Ensenada Honda Bay. Such blooms are common after major hurricanes, heavy rainfall, and
sediment-laden, nutrient-loaded runoff events.
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Figure A29. Example of a partially fragmented patch of Finger coral (Porites porites) in a coral reef
at the entrance of Ensenada Honda Bay. Natural recovery ability of such moderate impacts can be
significantly compromised due to chronic, extremely poor water quality.

Figure A30. Example of a major macroalgal bloom and phytoplankton bloom across one of the outer
reefs at Ensenada Honda Bay. In this case, the reef is 100% covered by invasive Red encrusting
algae (Ramicrusta textilis), intermingled with brown unpalatable macroalgae Lobophora variegata and
Dictyota spp.
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Figure A31. Example of a shallow reef segment at Cayo Quebrado being also impacted by a massive
lens of turbid freshwater. Freshwater lenses following heavy rainfall, runoff, and groundwater
seepage can be a significant source of stress and of partial coral colony mortality across shallow,
semi-protected backreef zones.

Figure A32. Example of a partially killed colony of Laminar star coral (Orbicella faveolata) after
exposure to a freshwater lens following Hurricanes Irma and Maria.
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Figure A33. Example of a partially killed colony of Brain coral (Pseudodiploria strigosa) impacted by
Black band disease (BBD) after exposure to a freshwater lens following Hurricanes Irma and Maria.

Figure A34. Example of a partially killed colony of a Sea fan (Gorgonia flabellum) after exposure to a
freshwater lens following Hurricanes Irma and Maria.
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Figure A35. Example of a partially bleached and killed colony of a mat zoanthid (Palythoa caribbaorum)
after exposure to a freshwater lens following Hurricanes Irma and Maria.

Figure A36. Example of a displaced pile of rubble from old hurricanes (e.g., David and Frederick,
1979) that was relocated in another segment of the Outer Bay Reef at the entrance of Ensenada Honda.
Rubble pile displacement also impacted adjacent non-impacted reef segments by becoming lethal
projectiles during hurricane-generated waves, resulting in burial of corals. Stabilizing such rubble
fields is a paramount management priority to restore shallow reef zones.
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Figure A37. Example of a reef bottom largely impacted by a major macroalgal bloom following
hurricane impacts, dominated by three red macroalgal species: Liagora spp., Acrosymphyton caribaeum,
and Trichogloeopsis pedicellata. These species tend to occur in deeper habitats, but heavy algal and
sediment resuspension due to strong wave action and bottom swells, in combination with heavy
nutrient loading from major turbid runoff following heavy rainfall and flooding, resulted in major
algal blooms, further impacting remnant surviving coral assemblages.

Figure A38. Example of mechanical impacts to reef framework: Dislodgement of a shallower
head dominated by Columnar star coral (Orbicella annularis) at Cayo Dékity. This piece of the reef
framework fell from an approximate depth of 5 m down to 12 m.
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Figure A39. Example of mechanical impacts to reef framework: Dislodgement of another shallower
head dominated by Columnar star coral (Orbicella annularis) at Cayo Dékity (background). This piece
of the reef framework felt from an approximate depth of 6 m down to 12 m. Note the presence of
another dislodged colony of O. annularis in the foreground that appears to have been also dislodged
by a previous hurricane.

Figure A40. Example of mechanical impacts to reef framework: Dislodgement and overturning of a
large head of Laminar star coral (Orbicella faveolata) and of Sea fan (Gorgonia flabellum) from 5 to 10 m.
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Figure A41. Impact by strong wave action over very shallow rubble fields: Waves rolling action may
prevent cementation by crustose coralline algae and sponges, maintaining shifting rubble as moving
projectiles. This can result into a continuing problem of abrasion and suffocation over adjacent
remnant corals, also affecting successful coral’s sexual larval recruitment, affecting reef’s natural
regeneration ability. It can also permanently impair shallow reef’s role in wave energy and runup
attenuation, and as fish nursery grounds. Therefore, this is a form of a carry-over hurricane impact
effect which is still poorly understood, but which may extend to very long-term scales (years to
decades, at least).
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