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Abstract. Foundation species structure communities by creating habitat and modifying environmental
conditions, and there is increasing interest in how foundation species, such as corals and mangroves, interact with one another as these interactions can have cascading effects on diversity and abundance of associated organisms. Given recent reports of corals living on or between mangrove roots under the canopy, we
hypothesized that mangroves can serve as a refuge for corals from stresses such as high solar irradiance
and temperatures that are associated with the adjacent shallow reef. Using ﬁeld surveys and a reciprocal
transplant experiment, we tested the effects of light and habitat (e.g., reef or mangrove) on coral community structure (i.e., coral species richness, abundance, and diversity) and condition (i.e., level of bleaching,
tissue loss, and mortality). The surveys revealed higher coral richness in mangroves than on the adjacent
reef, indicating that mangroves can serve as refugia for numerous coral species. Our experimental manipulation of light in mangrove and reef habitats indicated that light intensity is a key environmental parameter
mediating coral bleaching and survival, with mangrove habitats providing a refuge from the light stress
experienced on nearby shallow reefs. Moreover, our experiment revealed that reef corals bleached less than
mangrove corals following transplantation, regardless of whether they were transplanted into mangrove
or reef habitats. We suggest that the lower coral richness of the shallow reef is the result of the extreme
environmental conditions that select for a subset of coral species able to tolerate these conditions. The facilitative interactions that allow mangroves to act as coral refugia by reducing environmental stress will likely
become increasingly important with global climate change.
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INTRODUCTION

Hooidonk et al. 2013) with global mass bleaching
events becoming increasingly frequent and severe, typically followed by reduced coral growth
rates, decreased fecundity and recruitment, and
high coral mortality (Hoegh-Guldberg 1999,
Hughes et al. 2003). Human activities can have
negative local impacts on reefs through

Tropical coral reefs are the most biodiverse
marine ecosystems, harboring an estimated one
third of all described marine species (Knowlton
et al. 2010). Coral reefs are also one of the most
sensitive ecosystems to climate change (Van
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refuge habitats initially through phenotypic plasticity, or in the long-term through adaptation to
the refugia conditions over multiple generations
(Torda et al. 2017).
Red mangroves (Rhizophora mangle) frequently
occur in close proximity to reefs, and there are a
few studies documenting the occurrence of corals
growing among and near the mangrove roots
such as in the saltwater ponds and channels of
Belize (Macintyre et al. 2000, Rutzler et al. 2000,
Bengtsson et al. 2019, Scavo Lord et al. 2020),
bays of the U.S. Virgin Islands (Rogers 2009,
Rogers and Herlan 2012, Yates et al. 2014), and
the Florida Keys (Kellogg et al. 2020). These
observational studies suggest that mangroves
can serve as an alternative habitat for corals and
perhaps a refugium in the face of continued reef
degradation. In Bocas del Toro on the Caribbean
coast of Panama, we observed the mangrove-coral association extending past the mangrove
fringe (i.e., edge where mangrove forests meets
open water) to several meters into the mangrove
forests with corals growing both on and between
the prop roots (Fig. 1). This overlapping distribution makes it an ideal system to experimentally
test the nature of mangrove-coral interactions.
Most ecosystems are structured by multiple
foundation species that inﬂuence the community
by creating habitat and modifying environmental conditions. Coral reefs are an example of an
ecosystem composed of multiple foundation species (e.g., corals) where multiple clonal organisms form complex structures that promote
species diversity (Angelini et al. 2011). Coexisting foundation species occur in either (1) nested
assemblages where a facilitation cascade allows
the ﬁrst foundation species to colonize a habitat
and then facilitate another foundation species or
(2) adjacent assemblages where foundation species compete for space and create discrete competitively determined zones (Angelini et al.
2011). Traditionally, corals and mangroves would
be considered adjacent assemblages, but corals
thriving within the mangrove canopy could
serve as an example of a nested assemblage.
Mangroves can have positive effects on scleractinian corals of nearby reefs at the seascape scale
through long-distance positive interactions (e.g.,
reducing sediment ﬂux and retaining nutrients;
Gillis et al. 2014, van de Koppel et al. 2015), but it
remains unclear whether corals growing on and

sedimentation, nutrient runoff, pollution, and
overﬁshing (Hughes et al. 2003, Carpenter et al.
2008), potentially reducing the resilience of corals
to global stressors such as ocean warming and
acidiﬁcation (Carpenter et al. 2008). A combination of these local and global factors have made
Caribbean coral reefs among the most threatened
reefs in the world, having suffered an estimated
80% reduction in live coral cover from 1975 to
^te
2000 (Gardner et al. 2003, Guzm
an 2003, Co
et al. 2005, Contreras-Silva et al. 2020) with current cover of live coral averaging just 10–13%
(Schutte et al. 2010, Jackson et al. 2014, Tkachenko 2017). Therefore, understanding mechanisms of coral resilience, including positive
species interactions that can ameliorate stressors,
is of utmost importance (Bulleri 2009).
Among coral reef habitats, the shallow reef
(≤3 m deep) is typically an extreme reef environment with high temperature and light conditions
(Spalding et al. 2001). For this reason, shallow
reefs are a sentinel system for how corals are
likely to respond to anthropogenic stressors,
with low coral diversity and corals adapted to
extreme environmental conditions (Camp et al.
2018). However, the future success of shallow
reef corals under global climate change is dependent on both coral adaptation to increasingly
challenging environmental conditions and the
availability of refuge habitats that can maintain
coral diversity (Wild et al. 2011). Coral habitats
adjacent to shallow reefs, such as intermediate
(4–29 m) and mesophotic (≥30 m) reefs (Aronson
et al. 2004, Bongaerts et al. 2015, Camp et al.
2018) and mangroves (Rogers and Herlan 2012,
Yates et al. 2014, Camp et al. 2019) may serve as
crucial refugia for corals increasingly exposed to
stressful environmental conditions. We deﬁne
refugia here as habitats where species may
retreat to and persist in under changing and/or
unfavorable environmental conditions and may
serve as a potential source population to expand
from (Keppel and Wardell-Johnson 2012, Cacciapaglia and van Woesik 2015). Refuge sites can
ameliorate both acute environmental stress such
as short-term thermal anomalies and more
chronic stressors such as ocean acidiﬁcation (Oliveira 2020). The use of these habitats could be a
key survival mechanism for corals (Camp et al.
2018). Persistence in refugia may be enhanced by
acclimatization to the unique conditions of
v www.esajournals.org
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Fig. 1. Coral species growing within the mangrove habitat of Bocas del Toro, Panam
a. Photographs © Heather
A. Stewart.

diversity and abundance of associated organisms
(Angelini et al. 2011, Thomsen et al. 2018) so
understanding these interactions can provide
insights into the entire community. We hypothesize that overlapping zonation occurs where corals beneﬁt from a close association with
mangroves due to amelioration of high light and
temperature stress, creating suitable conditions
for the corals to thrive. For example, large (1 m

between the mangrove roots beneﬁt from an
association with mangrove habitats. Mangrove
forests are typically thought to be unsuitable
habitat for coral recruitment and growth (Yates
et al. 2014), yet increasing reports of overlapping
coral and mangrove habitats suggest there could
be positive interactions between these foundation species. Where foundation species co-occur,
their interactions can have cascading effects on
v www.esajournals.org
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coast of Panama from June to September 2019
(Fig. 2a). We created four experimental treatments with 10 replicate plots each: reef natural
light (reef control), mangrove natural light (mangrove control), mangrove high light created by
pulling back canopy, and reef low light created
by installing a shade cloth (Fig. 2b, c). In June
2019, we identiﬁed six coral species to transplant
into each experimental plot from an initial qualitative roving site assessment: two that more commonly occurred in mangroves (Montastraea
cavernosa and Pseudodiploria clivosa), two that
more commonly occurred on the reef (Diploria
labyrinthiformis and Porites astreoides), and two
that were observed in similar frequency in both
habitats (Colpophyllia natans and Orbicella faveolata). Colpophyllia natans and Orbicella faveolata
were collected from both mangrove and reef
habitats to test for evidence of intraspeciﬁc variation in coral bleaching and mortality related to
source habitat.
One colony was selected per coral species as
the source of experimental fragments, except for
C. natans and O. faveolata where a colony was collected from both mangrove and reef habitats. We
opted to select one colony per species rather than
multiple colonies to minimize impact on this
undescribed system of mangrove-coral habitat.
Each colony was divided into 40 fragments of 2–
3 cm diameter, mounted to 3 cm diameter ceramic plugs (Oceans Wonders) with reef glue (Seachem Cyanoacrylate Gel), and secured in a
random order to weighted rigid eggcrate. Only
healthy colonies without signs of bleaching or
disease were used in the transplant experiment.
Since abruptly transplanting coral fragments,
particularly to higher light levels, can initially
cause bleaching (Richier et al. 2008, Forrester
et al. 2012, Cohen and Dubinsky 2015), all corals
were placed in the intermediate fringe habitat
between the reef and mangrove canopy and
allowed to recover for a week. Since all the experimental corals experienced the same level of handling stress, we did not test the effects of
transplant directly again on non-transplanted
controls, rather we compared corals that were
transplanted back to their source habitat to corals
that were transplanted to the other habitat. For
the reef low light treatment, 1 9 1 m shades
were created from a double layer of 40% sunblock shade cloth (Agfabric UV stabilized High

across) scleractinian corals within mangroves of
the U.S. Virgin Islands are believed to have survived bleaching events that caused high mortality on the adjacent reef (Rogers and Herlan 2012).
Experimental shading on reefs has been shown
to be a local mitigation tool for coral bleaching
(Coelho et al. 2017), suggesting that shading by
the mangrove canopy may be a mechanism of
local-scale facilitation of corals. While observational data are highly suggestive of coral facilitation by mangroves, no study has tested whether
light intensity in mangroves inﬂuences coral survival relative to adjacent reefs. Further, no study
has compared the ability of different coral species to survive in the mangrove habitat. Identifying local-scale positive associations between
corals and mangroves, that is, interactions in the
area of distributional overlap of corals on and
within the mangroves, that drive their co-occurrence would change the view on what determines the relative distribution of mangroves and
corals, and would have signiﬁcant implications
for predicting the importance of refuge habitats
where corals might persist with increasing climate change stress.
In this study, we examined the effects of light
and habitat (i.e., reef or mangrove) on coral
bleaching, tissue loss, and survival using ﬁeld
surveys and a reciprocal coral transplant experiment. In the transplant experiment, we tested the
effects of light conditions by increasing light
levels in the mangrove habitat with canopy
removals and by decreasing light levels on the
reef with shade cloths. To determine whether
mangroves can act as coral refugia, we used the
results of our surveys and experiment to answer
three questions: (1) Are some coral species better
able to survive and persist in the mangroves than
others? (2) Is refuge from the high light levels
found on adjacent shallow reefs one of the main
local-scale advantages of mangrove habitats for
corals? (3) Are corals from the reef or mangroves
better able to acclimate to new environments?

METHODS
Reciprocal transplant experimental design
To study the importance of light and habitat,
we ran a reciprocal transplant experiment at the
site Fuego off of the Island of Bastimentos in the
Bocas del Toro archipelago on the Caribbean
v www.esajournals.org
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Fig. 2. (a) Map of Bocas del Toro coral survey sites marked with open arrow heads (Fuego, Sunny, and Cayo
Ramirez). The Fuego site was used for the reciprocal transplant experiment. Inset, Archipelago of Bocas del Toro,
Panama, circled and indicated with the arrow. (b) Four experimental treatments with 10 replicate plots each: reef
control (natural light), mangrove control (natural light), mangrove high light created by pulling back canopy,
and reef low light created by installing a shade. Dark gray indicates lower light treatments while light gray indicates higher light treatments. (c) Coral fragments were placed on rigid eggcrate, seen here under shade in reef
low light treatments. (d) Corals during the experiment were scored on a coral condition index according to the
follow criteria: (5) completely healthy corals, (4) <50% bleaching, (3) ≥50% bleaching, (2) visible tissue loss, or (1)
dead. These scores are shown from left to right, respectively, with O. faveolata. Photographs © Heather A. Stewart.

dislodged or bleached during the ﬁrst two days
of the experiment (i.e., evidence of transplantation shock) including seven mangrove-sourced
corals (4 C. natans, 1 M. cavernosa, 2 P. clivosa) and
two reef-sourced corals (1 C. natans, 1 D.
labyrinthiformis). No signs of disease were
observed during the acclimation period or
throughout the experiment.

Density Polyethylene), held in place 65 cm above
the plot by a PVC frame, to mimic the light levels
found within the mangrove canopy. All plots
where transplant corals were placed had corals
currently growing within them, indicating it
should be a suitable environment for corals.
Mangrove high light treatments were created by
pulling back mangrove branches with plastic
locking tree ties (Dimex EasyFlex), so that at
midday no shadows were cast upon a 1 9 1 m
plot area. In total, nine coral fragments were
removed from analyses as a result of being
v www.esajournals.org
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experiment to quantify relative differences in the
light level of each plot. Prior to setting up the
experiment, we measured the average peak midday PAR levels that were over 3.5 9 higher on
the reef (729  118 lmols 1m 2, mean  SE)
than in the mangrove canopy (203  80 lmols 1
m 2). These data were used to determine the
amount of shading needed on the reef to approximately match light levels within the mangrove
canopy. During the experiment, light measurements were made between 11:00 and 13:00 on a
cloud-free day in September 2019. We used a pair
of spherical underwater quantum sensors (Licor
LI-193s) to take our readings within mangrove
canopy and reef habitats simultaneously. The light
measurements used in analyses were an average
of three PAR readings per plot. To quantify variation in temperature among treatments, we
deployed ﬁve data loggers (HOBO Pendant 64K
Data Logger) per treatment to record a week-long
water temperature proﬁle.

richness, abundance (percent cover), and diversity. Criteria for site selection were area (needed
to be large enough to run our transects, ≥60 m
long), distance from one another (>5 km apart to
allow ecological independence), and proximity
of mangroves and shallow reef (<2 m apart).
Although many mangrove islands in the archipelago have corals growing within them, mangrove-coral areas can be patchy due to
development, deforestation, and freshwater
inﬂow, so we avoided such locations in our
study. Since we were interested in contrasting
corals within mangroves and reefs to examine
potential factors driving use of refugia habitat,
we selected sites with established coral communities both on the reef and in the mangrove
canopy. At each site, we placed 16 to 24 replicate
1-m2 quadrats at semi-regular intervals (>2 m
apart) along a mangrove and a reef transect
placed parallel to one another. Each transect was
4 m apart (2 m from the mangrove fringe in both
directions). If root density prevented placement
of the quadrat in the mangrove habitat, we
moved to a position 1–2 m adjacent to that spot.
Each quadrat was divided into a grid with 25
points, and we identiﬁed the benthic substrate or
organism that was dominant under each point.
Water depth was recorded in each quadrat, and
the average depth relative to mean lower low
water (MLLW) was 0.5–1.0 m. Mangrove-coral
areas had corals growing from the fringe of the
mangrove to >7 m into the canopy. Corals grew
both on and between the mangrove roots. Corals
growing between roots were typically found on
substrates including coral rubble, shells, or peat.

Coral condition and mortality
Coral condition was scored visually on an
index of 5 = completely healthy corals/no visible
bleaching/no tissue loss, 4 = <50% bleaching,
3 = ≥50% bleaching, 2 = visible tissue loss, or
1 = dead (Fig. 2d). We observed algal overgrowth only after the coral died, so those corals
remained in category 1. None of the coral fragments showed visual signs of disease so disease
was not included in our index. Coral condition
was scored one week after the treatments were
established and again three months later at the
end of the experiment. Plots were visited weekly
to clean the shades and maintain canopy
restraints.

Analyses
All data were analyzed with R version 3.6.3 (R
Core Team 2020). Since light (PAR) was recorded
in all 40 plots and there was overlap in the PAR
values among treatments, we treated light as a
continuous variable independent of habitat in
our experimental analyses. Light and mean
temperature were positively correlated (P < 0.001,
t-test = 10.577, df = 145, correlation coefﬁcient =
0.660; Appendix S1: Fig. S1), so temperature was
excluded from the overall model to avoid confounding effects from multicollinearity. As coral
condition was measured with an index (ordinal
data), we used an ordinal logistic regression
model to test for effects of habitat (i.e., plot

Coral community surveys
The coral community in Bocas del Toro is
diverse, containing 87% of the scleractinian coral
species reported in Caribbean Panam
a (Guzman
2003, Guzm
an et al. 2005). To characterize the
coral community in the mangrove canopy and
adjacent shallow reef, and to show that the association between corals and mangroves appeared
similar at multiple sites, we conducted surveys
in March 2020, expanding from the initial site
(Fuego) where the reciprocal transplant experiment ran to two additional sites (Fig. 2a). In
these surveys, we quantiﬁed live coral species
v www.esajournals.org
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(193  16, 101.3–322.7 lmols 1m 2), we could
not further increase light in the mangroves, likely
because of colored dissolved organic matter
(CDOM) in the water and the trees circling the
experimental plot that blocked indirect sunlight.
Our reef low light treatment (276  15, 109.9–
468.5 lmols 1m 2) aligned well with the
mangrove control, but also overlapped with the
mangrove high light treatment. Both reef treatments had greater average temperatures and
depths than mangrove treatments, but mangroves had a larger diel temperature range (28.1–
33.0°C) and less variance in depth (Appendix S1:
Table S2, Fig. S2).

location in mangrove or reef), light, source (i.e.,
coral collection site in mangrove or reef), coral
species, depth, interaction terms (source 9 habitat, source 9 light, and species 9 light), and a
random effect of plot. We were unable to include
the interaction term of species 9 habitat due to
limitations in sample size. Models were ﬁt using
the polr function from the MASS package. We
tested the proportional odds assumption and
checked for multicollinearity with the GGally
package. We used the ANOVA function from the
car package and summary functions to perform a
Type II sum of squares to look at the main effects
and compare coefﬁcients. The lsmeans package
was used to run pairwise comparisons when
interaction terms were signiﬁcant. We used ggpredict from the ggeffects package to obtain predicted probabilities to plot modeled data.
We analyzed complete mortality separate from
the coral condition analysis to provide further
resolution on the effects of predictor variables on
coral survivorship by ﬁtting a binomial generalized linear mixed-effects model (GLMM) using
the glmer function with the effects of habitat,
light, source, coral species, interaction term of
source 9 light, and a random effect of plot. Light
used in the binominal model was treated as high
(reef control and mangrove high light treatments) or low (mangrove control and reef low
light treatments) within a given habitat because
the model failed to converge using PAR measurements. We used a chi-squared likelihood ratio
test of our model ﬁt and performed residual
diagnostics with the DHARMa package.
For the surveys, coral species diversity (Shannon-Wiener and Simpson indices) and richness
were calculated from the percent cover of live
coral using the vegan package. Effects of habitat
type (reef vs. mangrove) and site on diversity
and richness were analyzed using linear models
and two-way ANOVAs.

Coral condition and mortality
Corals from the reef had signiﬁcantly higher
condition scores than corals sourced from mangroves across treatments (P < 0.001, t = 3.643,
Chi-squared test; Fig. 3a, b). This trend was evident both across species and within the two species (C. natans and O. faveolata) sourced from
both habitats. Reef-sourced C. natans and O. faveolata did better on the reef than those same species when sourced from mangrove habitat
(Fig. 3a, b). Even though there was no signiﬁcant
interaction between source and light (P = 0.815,
t = 0.271) on coral condition, there was an interaction between species and light (P = 0.018),
where condition was negatively correlated with
light for all coral species, except D. labyrinthiformis where it was positively correlated
(Fig. 3c). When light was held at a mean level of
529 lmols 1m 2 in the model, coral condition
signiﬁcantly differed between species in 10 of the
14 pairwise comparisons, with D. labyrinthiformis
consistently showing worse condition than all
other coral species. Mangrove-sourced O. faveolata had the highest condition in the mangrove
control, then mangrove high light, reef low light,
and ﬁnally reef control (the only treatment with
O. faveolata death). C. natans and O. faveolata had
the least visible bleaching and 100% survival,
regardless of source, in the reef shade treatment.
There was no effect of habitat (P = 0.786,
t = 0.845) or depth (P = 0.695, t = 0.393), and
no signiﬁcant habitat by source interaction
(P = 0.081, t = 1.710) on coral condition.
Across all treatments and coral species, only 25
coral fragments of the original 311 died during
the experiment (5% placed on the reef and 12%

RESULTS
Light and temperature measurements
Although we succeeded in creating a mangrove high light treatment (571  43, 333.4–
952.2 lmols 1m 2, mean  SE, range) that
overlapped with the reef control (1341  67,
869.1–1833 lmols 1m 2) and whose range was
outside of the mangrove control treatment
v www.esajournals.org
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Fig. 3. (a) Raw data of coral condition scores from which we used ggpredict to obtain predicted probabilities
to plot modeled data. (b) Modeled coral health data with the main effects of coral source (P < 0.001), habitat
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Fig. 3. (Continued)
corals were transplanted into, and species (P < 0.001), at the mean light level (pooled PAR values). Abbreviations
are MCAV, Montastraea cavernosa; PCLI, Pseudodiploria clivosa; CNAT, Colpophyllia natans; OFAV, Orbicella faveolata;
DLAB, Diploria labyrinthiformis; PAST, Porites astreoides. (c) Coral condition with the signiﬁcant interaction of coral
species and light (P = 0.008) plotted across a light gradient using the PAR values measured in the ﬁeld ranging
from 116 to 1783 lmols 1m 2

determine the cause of coral mortality in these
surveys, it could have been due to bleaching
events in 2005, 2010, and 2015, hypoxia events,
or subsequent disease outbreaks (Neal et al.
2017). However, based on observations in the
area of phase shifts to algae and increased land
clearing activities, it is likely to be linked to landbased runoff and algal overgrowth. Observed
elevated sea surface temperatures, increased
nutrients, and overexploitation of herbivorous
reef ﬁshes in the area could all promote algal
growth (Cramer et al. 2020).
There was no interactive effect of habitat 9 site on coral richness (P = 0.482, F test) or
Shannon-Wiener (P = 0.231) or Simpson’s Diversity indices (P = 0.107). Coral species richness
(P < 0.001, t = 2.916), Shannon-Wiener Diversity index (P < 0.001, t = 3.735), and Simpson’s
Diversity index (P < 0.001, t = 4.096) were signiﬁcantly higher in mangroves than in the reef
habitat. There was a site effect, with coral species
richness (P = 0.009), Shannon-Wiener Diversity
index (P = 0.012), and Simpson Diversity index
(P = 0.019) signiﬁcantly lower at Cayo Ramirez
than at the other two sites. Of the live coral
observed in the surveys, the most abundant species in the reef community were Millepora alcicornis (22–57%) and Porites furcata (18–68%). In
contrast, within the mangrove canopy Siderastrea
siderea (15–51%), Agaricia tenuifolia (6–31%), and
Porites astreoides (3–17%) were the most abundant
species (Fig. 4b).

placed in the mangroves). There was a signiﬁcant
interactive effect of the source of corals and light
on mortality (P = 0.005, F value = 7.997 Chisquare test) with corals sourced from the reef
having lower levels of mortality under higher
experimental light levels than corals sourced
from the mangroves. Complete mortality experiment-wide differed among species (P < 0.001,
F value = 2.867) with D. labyrinthiformis having
signiﬁcantly greater levels of mortality (P <
0.001) compared with the other coral species.
Mortality did not signiﬁcantly differ among the
other coral species (Appendix S1: Table S3). The
habitat that corals were transplanted into also
signiﬁcantly affected mortality (P = 0.026, F
value = 2.548).

Coral community surveys
We recorded a total of 23 scleractinian coral
species and two milleporid coral species (colonial
hydrozoans) in our surveys: 22 scleractinian species were found in the mangrove habitats and 10
on the adjacent shallow reef, although only a
subset of those species were found in the respective habitat at a given site. Both milleporid coral
species were found in both habitat types
(Appendix S1: Table S1). Nine of the scleractinian species were observed in both habitat
types, whereas 13 were found exclusively in
mangroves and one exclusively on reefs
(Appendix S1: Table S1). Our reef sites had an
average depth of 89  2 cm (mean  SE), and
our mangrove canopy sites had an average depth
of 68  2 cm. Live coral had the highest average
percent cover of all benthic groups across habitats and sites (32–36%), followed by dead coral
(10–21%; Fig. 4a) with the exception of Cayo
Ramirez reef which had 30% live coral and 37%
dead coral cover (Table 1). There was no signiﬁcant difference in live coral cover (P = 0.923, Chisquared test) or dead coral cover (P = 0.193)
between habitats. Although it was not possible to
v www.esajournals.org
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Given the high diversity of the corals observed
in the mangrove habitat, the presence of several
large colonies within the mangrove canopy, and
the fact that the majority of the corals survived
transplantation into the mangrove, it is reasonable to speculate that mangroves could serve as
long-term coral refugia. We found that corals
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Fig. 4. (a) Percent cover of 1-m2 quadrats (pooled per habitat type by site) surveyed on the reef and mangrove
canopy, at each of three sites. (b) The proportion of each coral species that make up the live coral category from
panel (a).

survive on the harsh shallow reef environment,
we found mangroves host coral communities
with higher species richness and diversity than
the adjacent shallow reef with similar live coral
cover. Our surveys detected 24 coral species
within the mangrove habitat, a coral refuge community only surpassed by a study in the U.S. Virgin Islands that observed >30 coral species (Yates
et al. 2014), although notably that record was
prior to extensive hurricane damage (Rogers
2019). Bocas del Toro lies outside the hurricane
belt, primarily receiving the associated rainfall
(Lovelock et al. 2005), and thus, the mangrove

generally fared better when transplanted to
lower light levels and that shade from the mangrove canopy had a positive effect on coral condition and survivorship by ameliorating stressful
light conditions that limited coral success on
shallow reefs. Therefore, we conclude that refuge
from high light levels of the adjacent shallow reef
is an advantage of the mangrove habitat. If mangroves are able to provide refuge from bleaching
stress, they may also reduce coral disease incidence which has been shown to increase following a bleaching event (Miller et al. 2009). By
providing a refuge for coral species not able to
v www.esajournals.org
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Table 1. Average  SE richness, abundance (percent cover that was comprised of live or dead coral), and diversity (Shannon-Wiener and Simpson indices) of live coral from surveys within the mangrove canopy and on the
adjacent reef at three sites and combined by habitat type in bold.
Site

Richness

Cayo Ramirez Mangrove
Cayo Ramirez Reef
Fuego Mangrove
Fuego Reef
Sunny Mangrove
Sunny Reef
Combined Mangrove
Combined Reef

Live coral % cover

12
8
17
11
11
6
24
12

32
30
35
36
35
36
34
34










Dead coral % cover

0.75
0.92
0.66
0.67
0.81
0.87
0.01
0.02

10
37
20
21
14
17
14
25

0.02
0.03
0.03
0.03
0.03
0.03
0.03
0.06

0.88
0.29
1.03
0.74
1.00
0.42
0.97
0.52










0.11
0.09
0.11
0.10
0.08
0.10
0.06
0.06

Simpson diversity
0.50
0.17
0.55
0.41
0.57
0.26
0.54
0.30










0.06
0.05
0.05
0.05
0.03
0.06
0.03
0.04

corals we observed had ﬂattened tri-dimensional
morphologies as described in mesophotic coral
€ hlmann
reef ecosystems (Dustan 1979, 1982, Ku
1983, Kahng et al. 2010). This morphology is typically an adaptation to low light conditions as it
reduces the ratio of tissue to projected area needing to be sustained by light (Stambler and Dubinsky 2005), reduces self-shading, and maximizes
light captured by increasing light-harvesting pigments (Kahng et al. 2012, 2019). This growth
form may also be a response to shallow water
conditions within the mangrove (~0.5 m depth
on average), as the coral colony grows laterally
to avoid air exposure. Corals from low light habitats such as mesophotic reefs have also been
shown to host different species of Symbiodiniaceae
than those in high light environments (IglesiasPrieto et al. 2004), and to have mono-layered
zooxanthellae packaging to increase photosynthetic efﬁciency (Dustan 1982, Kahng et al. 2010,
2012). Whether corals in mangrove habitats have
such adaptations is yet to be explored.
We propose that a reason why mangrovesourced corals in our study did not fare as well
as reef-sourced corals when transplanted onto
the reef is related to the differences in their
levels of mycosporine-like amino acids (MAAs).
Reef corals are known to have greater concentrations of MAAs in response to the increased
UV radiation as these compounds protect the
host and their symbionts (Corredor et al. 2000).
Furthermore, it has been demonstrated that
MAA concentrations in corals decrease with
increasing depth and decreasing UV levels
(Corredor et al. 2000, Lesser 2000). We expect
MAA concentrations to be lower in corals originating from the mangrove canopy than corals

forests and coral reefs are not subjected to the
same stress as many other parts of the Caribbean.
Since our surveys revealed twice as many coral
species in the mangrove compared with the adjacent shallow reef, it is possible that the source of
the mangrove corals could be larvae from deeper
corals.
Our study is the ﬁrst to quantitatively measure
coral richness within the mangrove habitat compared with the adjacent shallow reef, setting a
baseline for future studies. In our reciprocal transplant experiment, corals sourced from the reef had
less bleaching and mortality than corals sourced
from the mangrove canopy whether transplanted
to reef or mangrove habitats, suggesting that
corals from the reef are better able to acclimate to
new environments. This ﬁnding is consistent with
previous tests of refugia habitats that found the
subset of corals species living on the reef to be
physiologically adapted to high irradiance levels
and the more diverse community of corals in
dimly lit areas (e.g., mesophotic reefs) to be
adapted to low light (Cohen and Dubinsky 2015).
Although it is known that shading can protect
corals from UV radiation (Coelho et al. 2017), light
availability inﬂuences coral calciﬁcation and photosynthesis rates and lower light availability can
increase some coral species susceptibility to ocean
acidiﬁcation (Suggett et al. 2013); so it was previously unclear whether shading by mangroves was
beneﬁcial or detrimental to corals in this system.
Our study was the ﬁrst to test bleaching thresholds of corals growing within the mangrove
habitat compared with that on the shallow reef.
Corals living in low light environments have
adaptations that may be shared by corals living
in mangroves. Within mangroves, the majority of
v www.esajournals.org
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The aforementioned mechanisms (e.g., alternate morphologies, changing zooxanthellae
packaging, hosting different species of Symbiodiniaceae, differences in MAA levels) that allow
corals to specialize in high light or low light settings could explain the variation in condition and
mortality within and among species across light,
habitat, and source revealed in our experiment,
but were not quantiﬁed in this study. We tested
for evidence of intraspeciﬁc variation in coral
condition related to source habitat with C. natans
and O. faveolata. Reef O. faveolata had less bleaching than mangrove O. faveolata, which could be
related to the adaptations of corals on the shallow reef to extreme environmental conditions
that increase coral resilience to variation in light
conditions. Further, it has been shown that corals
have a smaller physiological response when
moved from high light to low light than vice
versa, as observed in reciprocal transplantation
of coral fragments between deep and shallow
reef depths (Richier et al. 2008, Cohen and
Dubinsky 2015). However, the only bleaching
that did occur within reef-sourced O. faveolata
was in the reef control treatment, suggesting that
prior exposure to higher levels of irradiance does
not necessarily pre-empt a stress response to subsequent exposure to higher light levels in O. faveolata. Our ﬁnding that C. natans and O. faveolata,
regardless of coral source, had the least bleaching
and no mortality in the reef low light treatment
indicates that shallow reef high light conditions
are challenging even for coral species that routinely live on the reef. When controlling for
source and habitat, and modeling only light, the
patterns of how different coral species perform
in relation to light is clearer. Nearly all coral species declined in health with increasing light
intensity. This supports the conclusions that the
shallow reef represents a stressful environment
and that most species of corals, with the rare
exception, can take advantage of mangroves as
an alternative habitat. The only coral that had
improved condition with increasing light was D.
labyrinthiformis, which notably was also the only
coral never seen in the mangrove habitat in
Panama. However, D. labyrinthiformis is one of
the most abundant mangrove corals in other
parts of the Caribbean (Yates et al. 2014). In
bleaching censuses of D. labyrinthiformis and C.
natans colonies in the U.S. Virgin Islands, C.

that originated on the reef, as the mangrove
canopy attenuates light intensity while CDOM
and suspended sediments in the water absorb
light and UV (Maie et al. 2008). Without this
additional UV protection, the mangrove corals
could be at greater risk of UV damage and
physiological shock when transplanted to the
reef where they are exposed to high light and
UV. This may indicate that long-term exposure
to mangrove habitat reduces the stress tolerance
of corals to reef conditions. Alternatively, corals
sourced from the mangroves may need a more
gradual transplant process. Cohen and Dubinsky (2015) found that when incrementally transplanting corals between shallow and deep reefs,
with 10-d intervals between transplanting to the
next shallower depth, coral bleaching and mortality from light stress was minimal. Mangrovesourced corals in our study were transplanted
across a similar magnitude light gradient from
mangrove to reef but only provided with one
intermediate habitat, the mangrove fringe, to
acclimate to prior to the start of the experiment.
The relatively poor condition of mangrove corals in the high light environment of the reef
indicates that either a one-week acclimation period on the mangrove fringe was not sufﬁcient
for induced protective traits, an incremental
acclimation with more stages would be necessary to decrease transplant stress, and/or traits
underlying stress tolerances are ﬁxed in populations of the respective habitats. Additionally,
outside of Siderastrea siderea, the majority of
coral species (abundance and diversity) in the
mangroves were brooding species. The community structure of many Caribbean reefs have
been shifting from a dominance of long-lived
broadcast spawning species to brooding corals
with shorter life spans and resilient life history
strategies (Vermeij et al. 2011). Studies comparing broadcast spawning corals to brooding corals suggest that larvae produced by deeper
water colonies may be more susceptible to UV
radiation than those produced by colonies from
shallow water (Gleason et al. 2006). Further,
coral larvae behaviorally avoid damaging UV
radiation during planktonic dispersal and subsequent settlement (Gleason et al. 2006); therefore,
coral larvae from deeper water may be selecting
for the mangrove habitat rather than the shallow
reef to reduce UV exposure.
v www.esajournals.org
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study. However, mean PAR readings were seven
times greater in the reef control than in the mangrove control even with reef plots being twice as
deep as mangrove plots, whereas temperature
varied little between treatments, with a maximum temperature in the mangrove high light
treatment of 33°C compared with 32°C for all
other treatments, and all mean and minimum
temperatures of the various treatments falling
within the error range of the data loggers
(0.53°C; Appendix S1: Table S2). The temperature difference between mangrove canopy treatments (high light, low light) may be a product of
minimal water circulation and shallow depths of
the mangrove habitat that rapidly warms the
water without the shade provided by the mangrove canopy. We acknowledge that additional
abiotic factors will vary between the mangrove
and reef; however, a spot check of salinity and
turbidity of these habitats at our experiment site
showed little difference in average values. We
measured salinity in the mangrove and shallow
reef habitats as 33.67  0.01 ppm mean  SE
and 33.83  0.01 ppm, respectively. Turbidity
was 0.598  0.026 FNU and 0.572  0.007 FNU
in the mangrove and shallow reef habitats,
respectively. Further research is needed to
explore additional abiotic factors and the inﬂuence they have on the corals within these habitats. This is especially important since the
environmental conditions that may preclude
coral settlement and growth on the reef may be
different (average, minimum, maximum) within
the mangrove habitat and are potentially species
speciﬁc. As this study used coral fragments, it
did not test whether mangroves can serve as a
source population to recolonize disturbed areas.
In order to address this, recruitment rates and
survival of propagules would need to be quantiﬁed; however, the response of coral fragments
following transplantation can be used to determine whether mangroves could be used in coral
restoration efforts.
The importance of mangroves as refugia for
corals is likely to increase as ocean warming
makes coral bleaching events more frequent and
severe. As ocean conditions (e.g., temperature,
light, pH, and O2) change and the shallow reef
environment degrades, alternative habitats may
become relatively more beneﬁcial to corals (Yates
et al. 2014). For example, some have suggested

natans only bleached 2–5% where D. labyrinthiformis bleached 17–59% (Rogers and Herlan
2012) at the same sites over the same time frame.
These data in combination with our own ﬁndings suggest that C. natans is more of a generalist
species, resistant to variation in environmental
factors, compared with D. labyrinthiformis, which
is more sensitive to ﬂuctuations and extremes in
temperature and light (Rogers and Herlan 2012).
Differences in environmental conditions of these
sites could explain the regional variation in D.
labyrinthiformis abundance within mangroves of
the Caribbean. Although both D. labyrinthiformis
and C. natans are broadcast spawning corals, the
timing of gamete release by D. labyrinthiformis
differs among locations throughout the Caribbean with one versus multiple spawning events
per year (Chamberland et al. 2017). These differences in reproductive timing are not related to
latitude nor sea temperature, and the cause of
spatial differences is suspected to be linked to
other environmental cues (e.g., photoperiod,
monthly rainfall, internal rhythms inherited from
ancestral populations; Chamberland et al. 2017).
It should be noted that colony identity may have
contributed to differences we observed since
replicates for a given species were sourced from
the same colony. This study found that some
coral species are better able to survive in the
mangroves than others and sets the foundation
for future studies to examine why, which should
expand to exploring genotypic variation in the
responses that we observed.
Shading has been proposed as a mechanism
by which mangroves serve as refugia for corals
by ameliorating stresses associated with shallow
reef environments such as solar radiation, which
alone or in combination with temperature, can
induce bleaching in corals (Siebeck 1988, Gleason
and Wellington 1993, Lesser and Farrell 2004).
Reducing irradiance during periods of thermal
stress can prevent bleaching (Coelho et al. 2017),
and corals found growing in mangroves with
>70% attenuation of incident PAR were able to
thrive in higher temperatures than corals in
nearby reef habitat (Yates et al. 2014). We found
that reduction in solar radiation minimized the
impact of stress-induced bleaching from transplantation into a new environment. Since temperature and light values were highly correlated,
we could not separate the effects of each in this
v www.esajournals.org
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Signiﬁcance

that deep reefs, such as mesophotic reefs, may
serve as a refugium and/or refuge for shallow reef
corals as they experience less stress (Holstein et al.
2015, Semmler et al. 2017, Lesser et al. 2018),
although others have questioned the generality of
their effectiveness (Bongaerts et al. 2010, Smith
et al. 2016, Rocha et al. 2018). Some regions,
including our study area of Bocas del Toro,
Panam
a, do not have mesophotic reefs (Guzman
et al. 2005), making alternative refugia all the
more important. Although both coral reefs and
mangroves are threatened by climate change, the
greatest threat to mangrove survival is local
anthropogenic stressors (e.g., land conversion for
aquaculture, palm oil plantations, coastal development, and pollution) and pending rates of
deforestation, mangroves are predicted to survive
into the foreseeable future even with global temperatures, atmospheric CO2 concentrations, and
sea levels continuing to rise (Alongi 2015, Friess
et al. 2019). At a global scale, hurricanes and associated extreme weather events are predicted to
increase with climate change and the high energy
winds, destructive waves, and storm surges can
cause severe damage to mangrove habitats (Walcker et al. 2019). However, under natural conditions, mangroves are resilient and storm damage
is rarely persistent. It is when anthropogenic stressors degrade the mangrove ecosystem and alter
ﬂow regimes that mangroves are unable to
recover (Walcker et al. 2019). If mangroves can be
protected from human destruction, they may
serve as refugia for corals under climate change
and a global strategy for coral reef persistence.
Although the ﬁeld of overlapping mangrove-coral
systems is in its infancy, studies are showing that
when these foundation species co-occur, they alter
ecological functioning. Mangroves with corals
had greater ﬁsh species richness compared with
mangroves without corals; however, adding artiﬁcial corals to mangroves only increased ﬁsh abundance (Wright 2019). There is still much to
understand about this ecosystem and how it functions, but at least in the Caribbean it has been
found to be beneﬁcial to corals. We suggest that
the shading by mangroves buffers corals and that
impact is not limited to this region, so there
should be a global effort to protect mangroves,
especially in locations where mangroves and corals co-occur, and further explore the ecological
functioning of these systems.
v www.esajournals.org

Our study revealed that mangroves provide
habitat for a diverse assemblage of coral species
and that transplanted corals generally fared better in lower light levels, suggesting that mangroves can serve as a refuge from the light stress
associated with shallow reef environments.
Additionally, increased light levels were more
harmful to shade-acclimated corals; thus removal
of mangroves or their canopy from mangrove-coral systems could induce coral bleaching and
mortality. Positive interactions between mangroves and corals where they co-occur could
play an increasingly important role as solar irradiance and thermal stress continue to negatively
affect shallow reefs with climate change. This
research highlights the importance of habitats
with overlapping foundation species such as
mangrove-coral systems, which currently do not
have special protection status and should be prioritized in conservation efforts.

ACKNOWLEDGMENTS
We dedicate this paper to Jose Villalobos, a member
of our family at the Bocas Research Station and a community leader who died from COVID-19 during publication. Jose believed in the creation and respect of a
region to protect the forests and culture of the Naso
tribe (Teribe people). He was an ambassador between
the Bocas and scientiﬁc communities, helping create a
safe and welcoming environment for scientiﬁc
research and environmental conservation. We wish to
thank Eric Brown for sharing his local knowledge of
the mangrove cays and helping to locate these unique
coral systems within the mangrove canopies. Thanks
to Plinio Gondola, Juan Mate, Rachel Collin, Mark E.
Torchin, Owen McMillan, and the scientiﬁc staff of the
Smithsonian Tropical Research Institute (STRI) Bocas
del Toro Research Station, Panam
a, for providing
logistical support. We thank J.P. Lawrence for his comments on an earlier version of this manuscript. Permits
to conduct this research were granted by the Republic
of Panam
a Ministry of the Environment (MiAmbiente),
permit #SE/AP-21-19. Thanks to Robyn Mast and Abigail Knipp for their assistance with data collection and
Paul Q. Sims and David A.G.A. Hunt for their assistance with statistical modeling. This research was
funded by STRI, NSERC CREATE in Biodiversity,
Ecosystem Services, and Sustainability (BESS), McGill
University Department of Biology, a private donor,
and the Steven Berkeley Marine Conservation Fellowship. Heather A. Stewart conceived and designed the

14

March 2021

v Volume 12(3) v Article e03413

COASTAL AND MARINE ECOLOGY

STEWART ET AL.
Chamberland, V. F., S. Snowden, K. L. Marhaver, D.
Petersen, and M. J. A. Vermeij. 2017. The reproductive biology and early life ecology of a common
Caribbean brain coral, Diploria labyrinthiformis
(Scleractinia: Faviinae). Coral Reefs 36:83–94.
Coelho, V. R., D. Fenner, C. Caruso, B. R. Bayles, Y.
Huang, and C. Birkeland. 2017. Shading as a mitigation tool for coral bleaching in three common
Indo-Paciﬁc species. Journal of Experimental Marine Biology and Ecology 497:152–163.
Cohen, I., and Z. Dubinsky. 2015. Long term photoacclimation responses of the coral Stylophora pistillata
to reciprocal deep to shallow transplantation: photosynthesis and calciﬁcation. Frontiers in Marine
Science 2:1–13.
Contreras-Silva, A. I., A. Tilstra, V. Migani, A. Thiel, E.
Perez-Cervantes, N. Estrada-Saldıvar, X. Elias-Ilosvay, C. Mott, L. Alvarez-Filip, and C. Wild. 2020. A
meta-analysis to assess long-term spatiotemporal
changes of benthic coral and macroalgae cover in
the Mexican Caribbean. Scientiﬁc Reports 10:1–12.
Corredor, J. E., A. W. Bruckner, Z. Muszynski, R. A.
Armstrong, R. Garcıa, and J. M. Morell. 2000. UVabsorbing compounds in three species of Caribbean
zooxanthellate corals: depth distribution and spectral response. Bulletin of Marine Science 67:821–830.
^te, I. M., J. A. Gill, T. A. Gardner, and A. R. WatkinCo
son. 2005. Measuring coral reef decline through
meta-analyses. Philosophical Transactions of the
Royal Society B: Biological Sciences 360:385–395.
Cramer, K. L., A. O’Dea, J. S. Leonard-Pingel, and R.
D. Norris. 2020. Millennial-scale change in the
structure of a Caribbean reef ecosystem and the
role of human and natural disturbance. Ecography
43:283–293.
Dustan, P. 1979. Distribution of zooxanthellae and
photosynthetic chloroplast pigments of the reefbuilding coral Montastrea. Bulletin of Marine
Science 29:79–95.
Dustan, P. 1982. Depth-dependent photoadaption by
zooxanthellae of the reef coral Montastrea annularis.
Marine Biology 68:253–264.
Forrester, G. E., A. Maynard, S. Schoﬁeld, and K. Taylor. 2012. Evaluating causes of transplant stress in
fragments of Acropora Palmata used for coral reef
restoration. Bulletin of Marine Science 88:1099–1113.
Friess, D. A., K. Rogers, C. E. Lovelock, K. W. Krauss,
S. E. Hamilton, S. Y. Lee, R. Lucas, J. Primavera, A.
Rajkaran, and S. Shi. 2019. The state of the world’s
mangrove forests: past, present, and future. Annual
Review of Environmental and Resources 44:1–27.
Gardner, T. A. 2003. Long-term region-wide declines
in Caribbean corals. Science 301:958–960.
Gillis, L. G., T. J. Bouma, C. G. Jones, M. M. Van Katwijk, I. Nagelkerken, C. J. L. Jeuken, P. M. J.

experiment and surveys, performed the surveys, conducted the experiment, analyzed the data, and led the
manuscript. Andrew H. Altieri and David I. Kline contributed to the design of surveys. Andrew H. Altieri contributed to the design of the transplant experiment. All
authors contributed to drafts and editing of the manuscript and provided ﬁnal approval for publication.

LITERATURE CITED
Alongi, D. M. 2015. The impact of climate change on
mangrove forests. Current Climate Change Reports
1:30–39.
Angelini, C., A. H. Altieri, B. R. Silliman, and M. D.
Bertness. 2011. Interactions among foundation species and their consequences for community organization, biodiversity, and conservation. BioScience
61:782–789.
Aronson, R. B., I. G. Macintyre, C. M. Wapnick, and
M. W. O’Neill. 2004. Phase shifts, alternative states,
and the unprecedented convergence of two reef
systems. Ecology 85:1876–1891.
Bengtsson, Z. A., et al. 2019. Porites divaricata is a locally
abundant component of the epibiont community on
mangrove prop roots at Calabash Caye, Turneffe
Atoll, Belize. Caribbean Naturalist 67:1–16.
Bongaerts, P., P. R. Frade, K. B. Hay, N. Englebert, K.
R. W. Latijnhouwers, R. P. M. Bak, M. J. A. Vermeij,
and O. Hoegh-Guldberg. 2015. Deep down on a
Caribbean reef: Lower mesophotic depths harbor a
specialized coral-endosymbiont community. Scientiﬁc Reports 5:1–9.
Bongaerts, P., T. Ridgway, E. M. Sampayo, and O.
Hoegh-Guldberg. 2010. Assessing the “deep reef
refugia” hypothesis: Focus on Caribbean reefs.
Coral Reefs 29:1–19.
Bulleri, F. 2009. Facilitation research in marine systems:
State of the art, emerging patterns and insights for
future developments. Journal of Ecology 97:1121–1130.
Cacciapaglia, C., and R. van Woesik. 2015. Reef-coral
refugia in a rapidly changing ocean. Global
Change Biology 21:2272–2282.
Camp, E. F., J. Edmondson, A. Doheny, J. Rumney, A.
J. Grima, A. Huete, and D. J. Suggett. 2019. Mangrove lagoons of the Great Barrier Reef support coral
populations persisting under extreme environmental
conditions. Marine Ecology Progress Series 625:1–14.
Camp, E. F., V. Schoepf, P. J. Mumby, L. A. Hardtke, R.
Rodolfo-Metalpa, D. J. Smith, and D. J. Suggett.
2018. The future of coral reefs subject to rapid
climate change: Lessons from natural extreme
environments. Frontiers in Marine Science 5:1–21.
Carpenter, K. E., et al. 2008. One-third of reef-building
corals face elevated extinction risk from climate
change and local impacts. Science 321:560–563.

v www.esajournals.org

15

March 2021

v Volume 12(3) v Article e03413

COASTAL AND MARINE ECOLOGY

STEWART ET AL.
Keppel, G., and G. W. Wardell-Johnson. 2012. Refugia:
keys to climate change management. Global
Change Biology 18:2389–2391.
Knowlton, N., R. E. Brainard, R. Fisher, M. Moews, L.
Plaisance, and M. J. Caley. 2010. Coral reef biodiversity. Pages 65–78 in A. D. McIntyre, editor. Life
in the World’s Oceans: Diversity, Distribution, and
Abundance. Blackwell Publishing Ltd, West Sussex, United Kingdom.
€ hlmann, D. H. H. 1983. Composition and ecology of
Ku
deep-water coral associations. Helgol€
ander Meeresuntersuchungen 36:183–204.
Lesser, M. P. 2000. Depth-dependent photoacclimatization to solar ultraviolet radiation in the Caribbean
coral Montastraea faveolata. Marine Ecology Progress Series 192:137–151.
Lesser, M. P., and J. H. Farrell. 2004. Exposure to solar
radiation increases damage to both host tissues
and algal symbionts of corals during thermal
stress. Coral Reefs 23:367–377.
Lesser, M. P., M. Slattery, and C. D. Mobley. 2018. Biodiversity and functional ecology of mesophotic
coral reefs. Annual Review of Ecology, Evolution,
and Systematics 49:49–71.
Lovelock, C. E., I. C. Feller, K. L. McKee, and R.
Thompson. 2005. Variation in mangrove forest structure and sediment characteristics in Bocas del Toro,
Panama. Caribbean Journal of Science 41:456–464.
Macintyre, I. G., I. Goodbody, K. Rutzler, D. S. Littler,
and M. M. Littler. 2000. A general biological and
geological survey of the rims of ponds in the major
mangrove islands of the Pelican Cays, Belize. Atoll
Research Bulletin 467:15–44.
Maie, N., O. Pisani, and R. Jaffe. 2008. Mangrove tannins in aquatic ecosystems: Their fate and possible
inﬂuence on dissolved organic carbon and nitrogen
cycling. Limnology and Oceanography 53:160–171.
Miller, J., E. Muller, C. S. Rogers, R. Waara, A.
Atkinson, K. R. T. Whelan, M. Patterson, and B.
Witcher. 2009. Coral disease following massive
bleaching in 2005 causes 60% decline in coral cover
on reefs in the US Virgin Islands. Coral Reefs
28:925–937.
Neal, B. P., A. Khen, T. Treibitz, O. Beijbom, G. O’Connor, M. A. Coffroth, N. Knowlton, D. Kriegman, B.
G. Mitchell, and D. I. Kline. 2017. Caribbean massive corals not recovering from repeated thermal
stress events during 2005–2013. Ecology and Evolution 7:1339–1353.
Oliveira, M. D. 2020. Marginal reef paradox: A possible refuge from environmental changes? Ocean
and Coastal Management 185:1–8.
R Core Team. 2020. R: A language and environment
for statistical computing. R Foundation for Statistical Computing, Vienna, Austria.

Herman, and A. D. Ziegler. 2014. Potential for
landscape-scale positive interactions among tropical marine ecosystems. Marine Ecology Progress
Series 503:289–303.
Gleason, D. F., P. J. Edmunds, and R. D. Gates. 2006.
Ultraviolet radiation effects on the behavior and
recruitment of larvae from the reef coral Porites
astreoides. Marine Biology 148:503–512.
Gleason, D. F., and G. M. Wellington. 1993. Ultraviolet
radiation and coral bleaching. Nature 365:836–838.
Guzman, H. M. 2003 Caribbean coral reefs of Panama:
Present status and future perspectives. Pages 241–
274 in J. Cortes, editor. Latin American Coral Reefs.
Elsevier Science B.V., Amsterdam, The Netherlands.
Guzman, H. M., P. A. G. Barnes, C. E. Lovelock, and I.
C. Feller. 2005. A site description of the CARICOMP mangrove, seagrass and coral reef sites in
Bocas del Toro, Panama. Caribbean Journal of
Science 41:430–440.
Hoegh-Guldberg, O. 1999. Climate change, coral
bleaching and the future of the world’s coral reefs.
Marine and Freshwater Research 50:839–866.
Holstein, D. M., T. B. Smith, J. Gyory, and C. B. Paris.
2015. Fertile fathoms: Deep reproductive refugia for
threatened shallow corals. Scientiﬁc Reports 5:1–12.
Hughes, T. P., et al. 2003. Climate change, human
impacts, and the resilience of coral reefs. Science
301:929–933.
Iglesias-Prieto, R., V. H. Beltra, T. C. Lajeunesse, H.
Reyes-Bonilla, and P. E. Thome. 2004. Different algal
symbionts explain the vertical distribution of dominant reef corals in the eastern Paciﬁc. Proceedings of
the Royal Society B: Biological Sciences 271:1757–1763.
Jackson, J., M. Donovan, K. Cramer, and V. Lam, editors. 2014. Status and trends of Caribbean coral
reefs: 1970–2012. Global Coral Reef Monitoring
Network, IUCN, Gland, Switzerland.
Kahng, S. E., D. Akkaynak, T. Shlesinger, E. J. Hochberg, J. Wiedenmann, R. Tamir, D. Tchernov. 2019.
Light, temperature, photosynthesis, heterotrophy, and
the lower depth limits of mesophotic coral ecosystems. Pages 801–828 in Y. Loya, K. A. Puglise, and T.
Bridge, editors. Coral Reefs of the World. Volume 12.
Springer Nature Switzerland AG, Cham, Switzerland.
Kahng, S. E., J. R. Garcia-Sais, H. L. Spalding, E. Brokovich, D. Wagner, E. Weil, L. Hinderstein, and R. J.
Toonen. 2010. Community ecology of mesophotic
coral reef ecosystems. Coral Reefs 29:255–275.
Kahng, S. E., E. J. Hochberg, A. Apprill, D. Wagner,
D. G. Luck, D. Perez, and R. R. Bidigare. 2012. Efﬁcient light harvesting in deep-water zooxanthellate
corals. Marine Ecology Progress Series 455:65–77.
Kellogg, C. A., R. P. Moyer, M. Jacobsen, and K. Yates.
2020. Identifying mangrove-coral habitats in the
Florida Keys. PeerJ 8:e9776.

v www.esajournals.org

16

March 2021

v Volume 12(3) v Article e03413

COASTAL AND MARINE ECOLOGY

STEWART ET AL.
Spalding, M., M. D. Spalding, C. Ravilious, and E. P.
Green. 2001. World atlas of coral reefs. University
of California Press, Berkeley, California, USA.
Stambler, N., and Z. Dubinsky. 2005. Corals as light
collectors: An integrating sphere approach. Coral
Reefs 24:1–9.
Suggett, D. J., L. F. Dong, T. Lawson, E. Lawrenz, L.
Torres, and D. J. Smith. 2013. Light availability
determines susceptibility of reef building corals to
ocean acidiﬁcation. Coral Reefs 32:327–337.
Thomsen, M. S., et al. 2018. Secondary foundation species enhance biodiversity. Nature Ecology and Evolution 2:634–639.
Tkachenko, K. S. 2017. Coral reefs in the face of ecological threats of the 21st century. Biology Bulletin
Reviews 7:64–83.
Torda, G., et al. 2017. Rapid adaptive responses to climate change in corals. Nature Climate Change
7:627–636.
van de Koppel, J., T. van der Heide, A. H. Altieri, B. K.
Eriksson, T. J. Bouma, H. Olff, and B. R. Silliman.
2015. Long-distance interactions regulate the structure and resilience of coastal ecosystems. Annual
Review of Marine Science 7:139–158.
Van Hooidonk, R., J. A. Maynard, and S. Planes. 2013.
Temporary refugia for coral reefs in a warming
world. Nature Climate Change 3:508–511.
Vermeij, M. J. A., J. Bakker, N. van der Hal, and R. P.
M. Bak. 2011. Juvenile coral abundance has
decreased by more than 50% in only three decades
on a small Caribbean Island. Diversity 3:296–307.
Walcker, R., C. Laplanche, M. Herteman, L. Lambs,
and F. Fromard. 2019. Damages caused by hurricane Irma in the human-degraded mangroves of
Saint Martin (Caribbean). Scientiﬁc Reports 9:1–
11.
Wild, C., et al. 2011. Climate change impedes scleractinian corals as primary reef ecosystem engineers.
Marine and Freshwater Research 62:205–215.
Wright, J. L. 2019. The effects of coral presence among
Red Mangrove (Rhizophora mangle) prop roots on
Caribbean ﬁsh communities. University of Miami,
Miami, Florida, USA.
Yates, K. K., C. S. Rogers, J. J. Herlan, G. R. Brooks, N.
A. Smiley, and R. A. Larson. 2014. Diverse coral
communities in mangrove habitats suggest a novel
refuge from climate change. Biogeosciences 11:
4321–4337.

Richier, S., J.-M. Cottalorda, M. M. M. Guillaume, C.
Fernandez, D. Allemand, and P. Furla. 2008.
Depth-dependant response to light of the reef
building coral, Pocillopora verrucosa: Implication of
oxidative stress. Journal of Experimental Marine
Biology and Ecology 357:48–56.
Rocha, L. A., H. T. Pinheiro, B. Shepherd, Y. P. Papastamatiou, O. J. Luiz, R. L. Pyle, and P. Bongaerts.
2018. Mesophotic coral ecosystems are threatened
and ecologically distinct from shallow water reefs.
Science 361:281–284.
Rogers, C. S. 2009. High diversity and abundance of
scleractinian corals growing on and near mangrove
prop roots, St. John, US Virgin Islands. US Virgin
Islands. Coral Reefs 28:909.
Rogers, C. S. 2019. Immediate effects of hurricanes on
a diverse coral/mangrove ecosystem in the U.S.
Virgin Islands and the potential for recovery.
Diversity 11:130.
Rogers, C. S., and J. J. Herlan. 2012. Life on the edge:
corals in mangroves and climate change. Pages 9–13 in
D. Yellowlees and T. P. Hughes, editors. Proceedings of
the 12th International Coral Reef Symposium. James
Cook University, Cairns, Queensland, Australia.
Rutzler, K., M. C. Diaz, R. W. M. Van Soest, S. Zea, K.
P. Smith, B. Alvarez, and J. L. Wulff. 2000. Diversity
of sponge fauna in mangrove ponds, Pelican Cays,
Belize. Atoll Research Bulletin 467:229–248.
Scavo Lord, K., et al. 2020. Multi-year viability of a reef
coral population living on mangrove roots suggests an important role for mangroves in the
broader habitat mosaic of corals. Frontiers in Marine Science 7:1–16.
Schutte, V. G. W., E. R. Selig, and J. F. Bruno. 2010.
Regional spatio-temporal trends in Caribbean coral
reef benthic communities. Marine Ecology Progress
Series 402:115–122.
Semmler, R. F., W. C. Hoot, and M. L. Reaka. 2017. Are
mesophotic coral ecosystems distinct communities
and can they serve as refugia for shallow reefs?
Coral Reefs 36:433–444.
Siebeck, O. 1988. Experimental investigation of UV tolerance in hermatypic corals (Scleractinia). Marine
Ecology Progress Series 43:95–103.
Smith, T. B., J. Gyory, M. E. Brandt, W. J. Miller, J. Jossart, and R. S. Nemeth. 2016. Caribbean mesophotic coral ecosystems are unlikely climate change
refugia. Global Change Biology 22:2756–2765.

SUPPORTING INFORMATION
Additional Supporting Information may be found online at: http://onlinelibrary.wiley.com/doi/10.1002/ecs2.
3413/full

v www.esajournals.org

17

March 2021

v Volume 12(3) v Article e03413

