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Abstract. As coral reefs experience dramatic declines in
coral cover throughout the tropics, there is an urgent need
to understand the role that non-reef habitats, such as man-
groves, play in the ecological niche of corals. Mangrove hab-
itats present a challenge to reef-dwelling corals because they
can differ dramatically from adjacent reef habitats with re-
spect to key environmental parameters, such as light. Because
variation in light within reef habitats is known to drive intra-
specific differences in coral phenotype, we hypothesized that
coral species that can exploit both reef and mangrove habitats
will exhibit predictable differences in phenotypes between
habitats. To investigate how intraspecific variation, driven by
either local adaptation or phenotypic plasticity, might en-
able particular coral species to exploit these two qualitatively
different habitat types, we compared the phenotypes of two
widespread Caribbean corals, Porites divaricata and Porites
astreoides, in mangrove versus lagoon habitats on Turneffe
Atoll, Belize. We document significant differences in colony
size, color, structural complexity, and corallite morphology
between habitats. In every instance, the phenotypic differences
betweenmangrove prop root and lagoon corals exhibited con-
sistent trends in both P. divaricata and P. astreoides. We be-
lieve this study is the first to document intraspecific pheno-
typic diversity in corals occupying mangrove prop root versus
lagoonal patch reef habitats. A difference in the capacity to
adopt an alternative phenotype that is well suited to the man-
grove habitat may explain why some reef coral species can ex-
ploit mangroves, while others cannot.
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Introduction

Globally, coral reefs are declining at an alarming rate as a
result of the effects of climate change, especially rising sea
surface temperatures and ocean acidification (Hughes et al.,
2017), as well as a myriad of local anthropogenic stressors
(Ban et al., 2014). However, reefs are not the only habitat
in which corals can live. Many coral species are habitat gen-
eralists that can thrive in a multitude of different environ-
ments in addition to coral reefs, including seagrass beds
(Camp et al., 2016; Lohr et al., 2017) and mangroves. With
respect to mangroves, corals have been reported growing di-
rectly on mangrove prop roots (Rogers and Herlan, 2012;
Yates et al., 2014; Hernández Fernández, 2015; Rogers, 2017;
Bengtsson et al., 2019; Kellogg et al., 2020), on the benthos
under the shade of the mangrove canopy (Rogers and Herlan,
2012; Yates et al., 2014; Rogers, 2017; Kellogg et al., 2020),
and in lagoonal habits bounded by mangroves, although not
shaded by the mangrove canopy (Rogers and Herlan, 2012;
Yates et al., 2014; Camp et al., 2016, 2019; Rogers, 2017).
About half of the approximately 75 coral species that occur
on Caribbean reefs also occur in mangrove habitats (Rogers
and Herlan, 2012; Yates et al., 2014; Hernández Fernández,
2015; Rogers, 2017; Bengtsson et al., 2019; Kellogg et al.,
2020).

The ability to live and reproduce in a range of habitats or
under a multitude of conditions could substantially increase
species’ survival rates in this period of rapid environmental
change and increased environmental variability. Indeed, cor-
als that do not rely exclusively on reef habitats have been
shown to be less vulnerable to environmental change (Car-
penter et al., 2008). As a result, in many locations throughout
the Caribbean, species that were competitively dominant dur-
ing prior periods of environmental stability are being replaced
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by “weedy” species that can survive across a range of habitats
(Darling et al., 2012, 2013). For example, the iconic Carib-
bean branching corals Acropora cervicornis (Lamarck, 1816)
and Acropora palmata (Lamarck, 1816) were able to grow
rapidly and outcompete other corals under the relatively sta-
ble conditions that persisted on Caribbean reefs for most of
the past few thousand years (Aronson et al., 2002; Darling
et al., 2012). However, in recent decades, these acroporids
have suffered severe declines (Aronson and Precht, 2001;
Precht et al., 2002), while slower-growing stress-tolerant
massive corals (e.g., Orbicella spp.) and rapidly recruiting
weedy corals (e.g., Porites spp.) have increased in prevalence
(Edmunds and Carpenter, 2001; Gardner et al., 2003; Green
et al., 2008). Weedy corals have been found to exhibit greater
intraspecific variation in phenotypic traits than corals with
other life-history strategies, such as competitively dominant
species, stress-tolerant species, and generalists (Darling et al.,
2012). Thus, the fact that weedy corals are increasing in rela-
tive abundance on reefs could be due, in large part, to this in-
traspecific variation; however, there could be several other
contributors to their success, such as that they predominately
exhibit a brooding reproductive mode and high fecundity
(Darling et al., 2012). Consequently, the future composition
of coral assemblages in the Caribbean and elsewhere may de-
pend, in part, on how increasing environmental variation af-
fects the physiology, morphology, and fitness of these habitat
generalists.

One way to investigate how environmental variation af-
fects coral phenotypes is to compare the same coral species
across an environmental gradient. Resulting differences in phe-
notype may be attributed to phenotypic plasticity (environ-
mentally induced), genotype, or a combination of the two
(Todd, 2008). Environmental variation across sites has been
associated with changes in many phenotypic traits in corals,
including colony form (Muko et al., 2000), branching pattern
(Bruno and Edmunds, 1998; Kaandorp, 1999; Doszpot et al.,
2019), corallite architecture (Todd et al., 2004; Studivan et al.,
2019), and color (Gleason, 1993, 1998). The observed pheno-
typic variation has been associated with variation in a number
of environmental variables that are known to differ between
mangrove and reef habitats, such as light (Ow and Todd,
2010), flow (Lesser et al., 1994), sedimentation (Gleason,
1998), and nutrients (Bongiorni et al., 2003a, b).

To investigate how intraspecific variation, driven by either
genetic variation or phenotypic plasticity, might enable cor-
als to exploit two qualitatively different habitat types, we
compared the phenotypes of two widespread Caribbean cor-
als, Porites divaricata Le Sueur, 1820 and Porites astreoides
Lamarck, 1816, in mangrove versus lagoon habitats on Tur-
neffe Atoll, Belize (Fig. 1). These two weedy corals can be
found in a wide variety of habitats, including seagrass beds,
mangrove forests, and lagoonal patch reefs, as well as across
distinct reef zones (Veron, 2000; Hernández Fernández, 2015;
Camp et al., 2016; Rogers, 2017; Bengtsson et al., 2019). The
mustard hill coral, P. astreoides, exists as a massive, encrust-
ing, or plating form, with colors ranging from bright yellow
to medium gray to dark brown (Fig. 2; Veron, 2000). The thin
finger coral, P. divaricata, is a branching coral that can vary
greatly in overall shape, number, and density of branch tips
and in color (Fig. 3). Porites divaricata belongs to a complex
of three closely related Caribbean branching corals, along with
Porites porites (Pallas, 1766) and Porites furcata Lamarck,
1816. In the field, these morphologically similar corals are dis-
tinguished primarily by branch diameter and habitat prefer-
ence. Porites divaricata exhibits the thinnest branches and
a preference for lee habitats, such as mangrove and lagoon
(Jameson, 1997; Prada et al., 2014). In selecting specimens
for the current study, we chose colonies with the thinnest
branch diameters in both mangrove and lagoon habitats (Ta-
ble 1). However, there is debate in the literature as to whether
these three Caribbean branching Porites represent a single
morphologically variable species, rather than three discrete spe-
cies. We consider the potential ramifications of alternative tax-
onomic relationships for the conclusions of this study in the
Discussion.

While previous studies have explored the phenotypic var-
iation of P. astreoides (Gleason, 1993) and P. divaricata
(Bengtsson et al., 2019) within habitat types, this study char-
acterizes differences between coral species inhabiting man-
grove prop root and shallow lagoon habitats (not associated
with mangroves). Given that our mangrove and lagoon hab-
itats differ in key environmental parameters, including tem-
perature and light, we hypothesized that colonies from the
two study locations would exhibit consistent and predictable
differences in phenotype. Specifically, we expected that cor-
als in the mangrove sites would exhibit traits associated with
lower light levels, such as darker coloration (Gleason, 1993)
and distinct corallite architecture (Ow and Todd, 2010; Soto
et al., 2018). We also expected colony morphology (i.e., col-
ony size) to differ because in the mangroves, colonies are at-
tached to an approximately vertical substrate (prop roots of
the red mangrove, Rhizophora mangle (L.)), while in the la-
goon, colonies are attached to an approximately horizontal
substrate. Over 2 years of sampling, we characterized multi-
ple phenotypic traits of 249 coral colonies and found signif-
icant differences in colony size, structural complexity, color,
and form between corals inhabiting mangrove and lagoon
habitats.
Materials and Methods

Corals were characterized at three sites on Turneffe Atoll,
Belize: a shallow lagoon site not directly adjacent to man-
groves and two mangrove-lined channels (Fig. 1). Turneffe
Atoll, located about 32 km off of the coast of Belize, is one
of only 4 atolls in the Western Hemisphere and is the largest
of the 3 Belize atolls, with an area of about 531 km2 (Stoddart,
1962). Unique in the Belizean atolls, Turneffe is dominated
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by mangroves. Rhizophora mangle L. is practically ubiqui-
tous at the water’s edge, and lesser amounts of Avicennia
germinans (L.) Stearn. and Laguncularia racemosa (L.) C.F.
Gaertn. grow in the interior of the hundreds of small man-
grove islands known as cayes that constitute Turneffe Atoll.
The single lagoon site, hereafter called Turneffe Lagoon, con-
sists of a shallow patch reef (0.5–3.0 m deep) located in Long
Bogue, just west of Calabash Caye. One of the two man-
grove sites, called Calabash Channel, is located ~1.4 km east
of the Turneffe Lagoon patch reef. Within Calabash Channel,
we assessed corals growing on the prop roots of R. mangle
in three locations where they are most abundant: (1) along
the northern shore, (2) along the circumference of a small is-
land, and (3) along the banks of a small creek that connects
Calabash Channel to an expansive pond located within the in-
terior of Calabash Caye. The second mangrove site we sur-
veyed was at Crooked Creek, located on the western side of
Turneffe Atoll, ~10.5 km west of the Turneffe Lagoon patch
reef. Here, we monitored corals growing on R. mangle roots
along an approximately 150-m stretch at the eastern edge of
the creek, where it enters the central lagoon of Turneffe Atoll
(Fig. 1B).
Environmental monitoring

From November 2017 to November 2018, five Onset
HOBO Pendant data loggers (Onset Corporation, Bourne,
MA) were deployed to record both temperature (7C) and light
intensity (lux) every three hours. Three loggers were placed
in Calabash Channel, dispersed between coral colonies that
were surveyed. The loggers were affixed to bare mangrove
roots (unshaded by epibionts), using nylon cable ties at ap-
proximately 40-cm depth, where mangrove corals are com-
monly found. Two loggers were placed in the Turneffe La-
goon patch reef site. For the light measurements, we utilized
only the first seven days of recorded data because the instru-
ments’ sensitivity to light declined rapidly as a result of foul-
ing by marine organisms. Data collected between 2000 hours
and 0500 hours were removed (all values were 0 lux dur-
ing this time window). Lux was converted to photosynthetic
Figure 1. Location of study sites on Turneffe Atoll, Belize. (A) Turneffe Atoll. (B) Crooked Creek. Light gray
region encompassed by dashed lines indicates where Porites divaricata and Porites astreoides colonies were sam-
pled growing on mangrove prop roots. The approximate center of the shoreline of Crooked Creek is 17719045.780 0

N, 8775506.350 0 W. (C) Lagoon patch reef site at Long Bogue and mangrove site at Calabash Channel. The approx-
imate center of the Long Bogue site, where colonies were sampled (gray shading), is located at 17717025.840 0 N,
87749042.340 0 W. The approximate center of the Calabash Channel site, where corals were sampled growing on
mangrove prop roots (gray shading), is located at 17717016.230 0 N, 87748048.200 0 W. The image is dated August 26,
2005, and was obtained using Google Earth Pro (ver. 7.3.2.5776). Image © 2020 Maxar Technologies.
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photo flux density (PPFD: mmol m22 s21) with a standard
sunlight conversion factor of 0.0185. We recorded the depth
of each colony at each site in 2018. In the lagoon, colony
depth was measured with a Laylin Speedtech SM-5 portable
sounder and depth meter (Laylin Associates, Unionville,
VA). In the mangroves, colony depth was measured from
the water’s surface to the highest point of the colony by using
a measuring tape.
Phenotypic characteristics

For each coral growing in the lagoon, height was measured
as the vertical distance from the tallest part of the colony to its
attachment with the substrate. Length and width were mea-
sured in a plane parallel to the substratum, with length repre-
senting the greatest linear dimension parallel to the substrate
andwith widthmeasured at a point rotated 907 fromwhere the
Figure 2. Representative photos of Porites astreoides from mangrove and lagoon habitats. (A) Coral growing
on a mangrove root in Calabash Channel. (B–D) Corals growing on mangrove roots in Crooked Creek. (E–G) Cor-
als living in lagoon at Long Bogue. Co-occurring organisms visible in this photograph include Agaricia
agaricites (Aa), Ircinia felix (If), Ircinia strobalina (Is), Pomatostegus stellatus (Ps), Spirobranchus giganteus (Sg),
Siderastrea siderea (Ss), Tedania ignis (Ti), and Thalassia testudinum (Tt).



CORAL VARIATION ACROSS HABITATS 173
length was taken. For corals growing on mangrove roots, linear
dimensions were measured as previously described (Bengtsson
et al., 2019; Scavo Lord et al., 2020). Height was measured as
the perpendicular distance from the root to the most distant
extent of the colony. Length was measured as the linear extent
of the colony along the root, and width was measured at 907
to both height and length. From these linear dimensions, we
calculated ecological volume as pHr2, where H is equal to col-
ony height and r is equal to (colony width1 colony length)/4
(Shaish et al., 2006).

Corals were photographed in situ against a laminated DKK
color standard (DGK Color Tools) that included a six-step
gray scale featuring true white, as well as 12% and 18% gray.
Using the method presented by Winters et al. (2009), these
photographs were used to estimate the chlorophyll density
of each coral colony. Briefly, all photographs were standard-
ized using the gray scale and theMATLAB (MathWorks, Na-
tick, MA) macro CalibrateImageA. Then, the MATLABmacro
AnalyzeIntensity was used to calculate mean red channel inten-
sity for 20 swatches of 25� 25 pixels for each coral. Higher red
channel intensity values indicate fewer algal photosynthetic pig-
ments (Winters et al., 2009).

Branch diameter and branch tip number were recorded in
the field while snorkeling. Branch diameter was measured
using calipers at a point 2.5 cm below the branch tip for
3 branches selected haphazardly across the diameter of each
colony, and the average value was calculated. For branch tip
number, only visibly healthy branches at least ~1 cm in length
were counted. Counts were performed a minimum of two
times for each coral colony by the same surveyor, and the
count was repeated if there was a discrepancy. Branch density
(branch tips cm23) was calculated by dividing branch tip
number by ecological volume.

The surface rugosity of Porites astreoides was determined
using the bar and chain method (Risk, 1972) at each colony’s
widest point. Based on in situ observations corroborated by
photographs, the form of each colony was characterized as
mounding, plating, or a combination of mounding and plat-
ing; and the proportion of each form was compared between
sites.

For both species, a flexible stencil of known area was
placed flush against each coral’s surface to obtain threemacro-
photographs of the corallites circumscribed by the stencil.
The stencil was used to standardize the area in which the num-
ber of corallites was counted. In Porites divaricata, the 3 pho-
tographs were taken at a point 1.0 cm below the branch tip on
3 random branches; in P. astreoides, the photographs were
taken at 3 random locations on the colony. From the photo-
graphs, corallite density and corallite area were determined.
Corallite density was measured by counting all corallites
whose central point was located within the circular frame
and dividing by the area of the frame. The multipoint tracking
tool of ImageJ (ver. 1.5a; https://imagej.nih.gov/ij/) was used
to count the corallites present in the frame (Abramoff et al.,
2004). For each coral, the average corallite density was deter-
mined from the three photos taken. Corallite area was deter-
mined by manually tracing corallites in the photographs and
calculating the area of the irregular shape, using ImageJ. Only
corallites located entirely within the circular frame were in-
cluded in the analysis. For each coral, the average corallite area
was determined for the three photos taken. Corallite spacing
was determined from photographs, using ImageJ, bymeasuring
the distances between all pairs of adjacent corallite centers
located within the circular frame. For each coral, the average
distance between corallites was determined for the three pho-
tos taken.

For all phenotypic variables—ecological volume, color in-
tensity, branch diameter, branch density, branch tip number,
surface rugosity, corallite density, corallite area, and corallite
spacing—we compared mean values for mangrove versus
Figure 3. Representative photos of Porites divaricata from mangrove
and lagoon habitats. (A–C) Corals growing on mangrove prop roots in Cal-
abash Channel. (D, E) Corals growing in patch reef habitat in Long Bogue. Co-
occurring organisms visible in these photos includeHalimeda sp. (Ha),Haliclona
manglaris (Hm), Porites astreoides (Pa), Spongia pertusa (Sp), Siderastrea
siderea (Ss), and Thalassia testudinum (Tt).
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lagoon samples from each species. Data from Calabash Chan-
nel and Crooked Creek were combined to generate an aver-
age value for mangrove specimens because there were no sig-
nificant differences between the two mangrove sites for any
of the phenotypic variables (Figs. A1–A7). If the raw data or
logarithmically transformed data met the assumption of nor-
mality according to a Shapiro-Wilk test, an independent-sample
t test was conducted to compare means. Prior to testing, an
F test was performed to determine whether there were sig-
nificant differences in the variances between the two sites.
Samples exhibiting unequal variances were compared using
a Welch’s t test, and those exhibiting equal variances were
compared using a Student’s t test. If the data violated the as-
sumption of normality, even following ln transformation, a
Mann-Whitney-Wilcoxon test (non-parametric) was conducted.
In these cases, homogeneity of variances was determined with
a Brown-Forsythe test. Differences between means were re-
garded as significant for P < 0.05. Each test was conducted
both with and without outliers (if present). Outliers were re-
moved using the boxplot$out command in R (R Core Team,
2018), which identifies the values lying further than 1.5 times
the interquartile range from the upper and lower quartiles. In
general, the removal of outliers had a negligible impact. In
two instances (branch density and corallite spacing), removal
of outliers resulted in a comparison between mangrove and
lagoon exhibiting statistical significance (P < 0.05) where it
was not otherwise significant. Therefore, all analyses and re-
sulting figures with outliers removed are included in Figures A2–
A8, while all main text analyses and figures include outliers.

Results

Over the course of 2 sampling periods (November 2018
and November 2019), we obtained data from 249 distinct
coral individuals: 155 specimens of Porites divaricata and
94 specimens of Porites astreoides (Table 2). The 146 spec-
imens assessed in 2018 were used for the analyses of ecolog-
ical volume, branch number, branch density, branch diame-
ter, and surface rugosity. The 103 specimens assessed in
2019 were used for the analyses of corallite density, corallite
area, corallite spacing, and colony color.

Environmental variation across habitats

The mangrove and lagoon habitats were significantly dif-
ferent with respect to temperature, light, and the average
depth at which corals were located (Figs. 4, A1). FromNovem-
ber 2017 to December 2018, the average temperature in the
mangroves of Calabash Channel was significantly warmer than
in the lagoon at Long Bogue (mean ± SD, 28.77 7C ± 1.84 7C
vs. 28.62 7C ± 1.79 7C, respectively, P 5 0.038; Fig. 4A).
Furthermore, the average daily temperature variance at Cal-
abash Channel was significantly greater than at Long Bogue
Table 2

Specimens analyzed by habitat, site, and species

Date Habitat Site
No. Porites
divaricata Phenotypic trait measured

No. Porites
astreoides Phenotypic trait measured

January 2018 Mangrove Calabash Channel 58 Ecological volume, branch tip number,
branch density, branch diameter

0 Ecological volume, rugosity
Crooked Creek 15 22

Lagoon Long Bogue 31 20
January 2019 Mangrove Calabash Channel 22 Colony color, corallite density, corallite

area, corallite spacing
1 Colony color, corallite density,

corallite area, corallite spacingCrooked Creek 6 22
Lagoon Long Bogue 23 29

Total 155 94
Table 1

Average branch diameter in Porites divaricata, Porites furcata, and Porites porites

Sample n Branches measured
Average branch
diameter (cm) Standard error

Calabash Channel 58 174 (3 per colony) 0.78 0.02
Crooked Creek 15 45 (3 per colony) 0.72 0.03
All Mangrove 73 219 (3 per colony) 0.78 0.02
Long Bogue 31 93 (3 per colony) 0.76 0.02
Dimond et al. group 1 5 5 (widest branch) 0.88 1.3
Dimond et al. group 2 10 10 (widest branch) 1.76 2.1
Dimond et al. group 3 12 12 (widest branch) 1.08 1.6
Samples for groups 1–3 are from Dimond et al. (2017).
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(0.58 7C ± 0.39 7C vs. 0.24 7C ± 0.17 7C, respectively, P <
0.001; Fig. 4B). The average light levels were significantly
greater in the lagoon than in the mangroves (165.39 ±
64.45 mmol m22 s21 vs. 54.50 ± 47.96 mmol m22 s21, re-
spectively, P < 0.001; Fig. 4C), as was the daily variation
in light levels (38,085.62 ± 41,957.42 vs. 8180.02 ±
13,606.61, respectively, P < 0.001; Fig. 4D). For both spe-
cies, mean colony depth was significantly greater in the la-
goon than in the mangroves (Fig. A1).
Phenotypic characteristics

For both coral species, the mean ecological volume was
greater for the lagoon samples than the mangrove samples
(Fig. 5), although the difference was statistically significant
only for P. divaricata (P < 0.001; Fig. 5A). In P. divaricata,
the variances between mangrove and lagoon samples were
significantly different (P < 0.001). The mangrove samples
for P. divaricata exhibited by far the greatest size range, from
3.62 to 18, 117.25 cm3 (Fig. 5A). Porites astreoides from the
lagoon exhibited the next greatest size range, from 271.89 to
16,679.96 cm3 (Fig. 5B); however, the variances between
mangrove and lagoon samples were not significantly different
(P 5 0.26).

For both coral species, the mangrove colonies exhibited
significantly greater intensity in the red color channel than la-
goon colonies (Fig. 6). The differences betweenmangrove and
lagoon colonies were statistically significant at P < 0.001 for
both P. divaricata (Fig. 6A) and P. astreoides (Fig. 6B). In
P. divaricata, the range of color intensity values was greater
in the mangroves than in the lagoon (54.5–173.6 vs. 90.3–
190.5). In P. astreoides, the range of color intensity values
was greater in the lagoon (93.6–179.5 vs. 46.1–113.9). How-
ever, in both species the variances between mangrove and la-
goon samples were not significantly different (P 5 0.82 and
P 5 0.73 for P. divaricata and P. astreoides, respectively).
For these analyses, the intensity for the red channel was used
because it is known to have the highest correlation with chlo-
rophyll density (Winters et al., 2009); however, mangrove
corals also exhibited significantly greater color intensity in
both the green and blue channels (Fig. A8).

Branch tip number was the only branch metric that exhib-
ited a clear difference between mangrove and lagoon P.
divaricata (Fig. 7A). On average, lagoon colonies had about
twice as many branches as mangrove colonies (44.8 vs.
22.2 branches; Fig. 7A). These differences were highly signif-
icant (P < 0.001). Mangrove colonies exhibited a greater range
of branch numbers (1–157) than lagoon colonies (10–83), but
the variances between mangrove and lagoon samples were not
significantly different (P5 0.9).

Branch density did not differ between mangrove and la-
goon samples unless outliers were removed (Figs. 7B, A6B).
With outliers included, the mean branch density of lagoon
corals was less than that of mangrove corals (0.03 ± 0.01
vs. 0.04 ± 0.07 branches cm23, respectively, P 5 0.10;
Fig. 7B). With outliers excluded, the mean branch density
of lagoon corals exceeded that of mangrove corals (0.03 ±
0.01 vs. 0.02 ± 0.02 branches cm23, respectively, P 5
0.008; Fig. A6B). Mangrove colonies showed a higher range
in branch density values than lagoon colonies (0.004–0.55
vs. 0.01–0.06 branches cm23, respectively), but the variances
Figure 4. Environmental differences between lagoon and mangrove
sites. (A) Mean daily temperature tracked over a 12-month period (left) and
averaged over the entire period (right). (B)Daily temperature variance tracked
over a 12-month period (left) and averaged over the entire period (right).
(C) Mean daily light levels tracked over a 7-day period (left) and averaged
over the entire period (right). (D) Daily light variance tracked over a 7-day
period (left) and averaged over the entire period (right). In the panels on
the left, the shaded areas around the lines indicate standard error. In the panels
on the right, each point on the graph represents a single light measurement.
The line dividing the box into two sections represents the mean, the top and
bottom lines of the box denote thefirst and third quartile, and thewhiskers rep-
resent the largest and smallest value that lie within 1.5 times the interquartile
range. PPFD, photosynthetic photo flux density.
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between mangrove and lagoon samples were not significantly
different (P 5 0.17).

There was no significant difference in average branch di-
ameter between mangrove and lagoon habitats (Fig. 7C).
However, we again observed a greater range of values in the
mangroves (0.35–1.2 cm) than in the lagoon habitat (0.6–
0.9 cm), and the variances between mangrove and lagoon
samples were significantly different (P 5 0.001).
Porites astreoides exhibited significantly higher mean
rugosity in the lagoon than in the mangrove (P 5 0.04;
Fig. 8A). The range of rugosity was greater between man-
grove corals (1.07–2.46) than between lagoon corals (1.04–
2.09), but the variances between mangrove and lagoon sam-
ples were not significantly different (P 5 0.21). The lagoon
site exhibited much greater consistency in form, with 100%
of colonies surveyed exhibiting a mounding phenotype
Figure 5. Ecological volume of Porites divaricata (A) and Porites astreoides (B) in lagoon and mangrove
environments. Each point on the graph represents one colony. The line dividing the box into two sections repre-
sents the mean, the top and bottom lines of the box represent the interquartile range, and the whiskers represent the
largest and smallest value that lie within 1.5 times the interquartile range. Statistically significant differences in
ecological volume between sites were determined with a Welch two-sample t test for P. divaricata and a Student’s
two-sample t test for P. astreoides.
Figure 6. Colony color of Porites divaricata (A) and Porites astreoides (B) in lagoon and mangrove environ-
ments. Red, R, channel intensity is a proxy for chlorophyll pigment density, with higher-intensity values corre-
sponding to lower chlorophyll densities. Each point on the graph represents one colony. The line dividing the
box into two sections represents the mean, the top and bottom lines of the box represent the interquartile range,
and the whiskers represent the largest and smallest value that lie within 1.5 times the interquartile range. Statisti-
cally significant differences in colony color between sites were determined with a Mann-Whitney-Wilcoxon test in
P. divaricata and a Student’s two-sample t test in P. astreoides. An independent t test was also performed on ln-
transformed P. divaricata values because transformation resulted in normalized data (P < 0.001); however, in or-
der to display the values on the same scale as P. astreoides, we conducted the analysis on the non-transformed data.
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(Fig. 8B). The majority of mangrove corals (59%) exhibited a
plating morphology (e.g., Fig. 3D), while only 27% exhibited
a mounding form (e.g., Fig. 3C), and 14% exhibited a combi-
nation of plating and mounding (e.g., Fig. 3B).

In both species, average corallite density was significantly
greater in the mangrove samples than the lagoon samples (P <
0.001; Fig. 9A, D). For P. divaricata, mangrove colonies
exhibited a greater range of corallite density values (57.7–
130.7 corallites cm22) than lagoon colonies (46.6–109.4
corallites cm22; Fig. 9A). The same was true for P. as-
treoides, with ranges of 51.4–118.2 and 46.0–75.8 corallites
cm22 in the mangrove and lagoon samples, respectively
(Fig. 9D). In both species, the variances between mangrove
and lagoon samples were significantly different (P 5 0.04
andP < 0.001 forP. divaricata andP. astreoides, respectively).

Average corallite area was slightly higher in lagoon versus
mangrove samples of both corals (Fig. 9B, E), although only
the difference in P. divaricata was statistically significant
(P5 0.02). The range of corallite areas for the lagoon samples
of P. divaricata (0.52–1.42 mm2) was slightly higher than
the corresponding values for the mangrove samples (0.58–
1.38 mm2), but the variances were not significantly different
Figure 7. Branch tip number (A), branch density (B), and average branch diameter (C) in Porites divaricata.
Each point on the graph represents one colony. The line dividing the box into two sections represents the mean, the
top and bottom lines of the box represent the interquartile range, and the whiskers represent the largest and smallest
value that lie within 1.5 times the interquartile range. Statistically significant differences in all three branch metrics
between sites were determined with a Mann-Whitney-Wilcoxon test.
Figure 8. Rugosity and form in Porites astreoides. (A) Mean rugosity. Each point on the graph represents one
colony. The line dividing the box into two sections represents the mean, the top and bottom lines of the box rep-
resent the interquartile range, and the whiskers represent the largest and smallest value that lie within 1.5 times the
interquartile range. (B) Relative abundance of three P. astreoides colony forms: plating, encrusting, or a combi-
nation of both. Statistically significant differences in rugosity between sites were determined with a Mann-
Whitney-Wilcoxon test.



178 K. SCAVO LORD ET AL.
(P 5 0.71); the opposite trend was seen in P. astreoides
(0.51–1.37 and 0.71–1.37mm2 for the mangroves and lagoon,
respectively). The variances between mangrove and lagoon
samples were significantly different in P. astreoides (P 5
0.04).

Similar to average corallite area, average corallite spacing
was also slightly higher in lagoon versus mangrove samples
in both species (Fig. 9C, F). Only the difference in P.
astreoides was statistically significant (P 5 0.01); however,
the difference in P. divaricata was significant when outliers
were excluded (P 5 0.04). The range of corallite spacing
for the lagoon samples of P. divaricata (1.01–1.61 mm)
was slightly higher than the corresponding values for the
mangrove samples (0.97–1.62 mm), while the opposite trend
was observed in P. astreoides (1.13–1.66 and 1.25–1.60 mm
for the mangroves and lagoon, respectively); but in both spe-
cies, the variances between mangrove and lagoon samples
were not significantly different (P 5 0.64 and P 5 0.08 for
P. divaricata and P. astreoides, respectively).
Discussion

Mangroves are increasingly being recognized as an impor-
tant component of the ecological niche for many coral spe-
cies (Yates et al., 2014; Hernández Fernández, 2015; Rogers,
2017; Bengtsson et al., 2019; Camp et al., 2019; Kellogg
et al., 2020; Scavo Lord et al., 2020). Here, we demonstrate
significant differences in key environmental variables be-
tween the mangrove and adjacent coral-supporting habitats.
We also document a number of statistically significant differ-
ences in the phenotype of coral colonies in mangrove and
lagoon habitats, including differences in colony size, color,
structural complexity, and corallite morphology. For each phe-
notypic trait, the direction of the difference between mangrove
and lagoon corals was consistent in Porites divaricata and
Porites astreoides; for example, both species exhibited lower
ecological volume, lower color intensity, and greater corallite
density in the mangroves compared to the lagoon.

With respect to size, lagoon corals exhibited a larger mean
ecological volume than mangrove corals, although the differ-
ence was statistically significant only in P. divaricata. Differ-
ences in overall colony size could reflect size constraints on
corals growing in the mangroves. In the mangrove habitats
studied, all colonies were found growing directly on prop
roots, which can be either grounded in the peat bank or aeri-
ally suspended. On grounded roots, lateral expansion of col-
onies is typically constrained by other roots and/or root epi-
bionts, and vertical expansion is constrained by the water’s
surface and shallow peat bank. In contrast, aerial roots are
not attached to the shallow peat bank, but extend outward
from the bank and hang vertically into the water column.
Colonies settling on these roots have more space to grow,
Figure 9. Corallite density, area, and spacing in Porites divaricata and Porites astreoides from lagoon and
mangrove environments. Mean corallite density, area, and spacing in P. divaricata (A, B, C, respectively) and
P. astreoides (D, E, F, respectively). Each point on the graph represents one colony. The line dividing the box into
two sections represents the mean, the top and bottom lines of the box represent the interquartile range, and the
whiskers represent the largest and smallest value that lie within 1.5 times the interquartile range. Statistically sig-
nificant differences in corallite density between sites for P. divaricata were determined with a Mann-Whitney-
Wilcoxon test. Statistically significant differences in corallite density and area in P. astreoides were determined
with a Welch two-sample t test, and corallite area and spacing in P. divaricata and corallite spacing in P. astreoides
were determined with a Student’s two-sample t test.
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because they are not constrained by other roots and/or epi-
bionts; the largest colonies we observed were often situated
on such aerial roots. However, such large colonies are more
directly exposed to the currents, putting the corals at greater
risk of being dislodged during a storm. The colonies may also
grow too heavy for the root to support. This could result in
wholesale loss of the colony and possibly accelerated break-
age of the root. This phenomenon has previously been ob-
served during longitudinal monitoring of mangrove sponges
(Bingham and Young, 2005) and mangrove corals (Scavo
Lord et al., 2020).

The lagoon might also support larger colonies as a result of
greater energetic resources available via photosynthetic by-
products of Symbiodiniaceae, because light availability has
been correlated with increased growth rates in a number of
coral species, includingP. astreoides (Huston, 1985).We sus-
pect that variability in light levels could explain the greater
range of colony sizes in mangrove P. divaricata, but our ex-
isting light data lack the spatial resolution necessary to test
this hypothesis. In the current study, three light meters were
deployed adjacent to corals in typical mangrove locations,
where they were shaded by the canopy throughout much of
the day. As a result, the measured light levels were relatively
low and invariant. While these shaded locations are where we
most often observed corals, we have observed that the largest
colonies tend to be found on roots that extend out from be-
neath the canopy (on aerial roots), where they would be ex-
posed to more light. We suspect that there are more corals
on shaded roots because such roots are more abundant, not
because they represent preferable habitat. However, one ad-
vantage of the shadier, less exposed (ground) roots is that they
tend to be simultaneously less vulnerable to strong currents,
which could cause the root to break or the coral to become
dislodged from the root. In addition, coral colonies shaded
by roots have been found to suffer less bleaching and mortal-
ity than unshaded colonies (Yates et al., 2014). Future studies
could test the significance of fine-scale variation in light and
flow by deploying a larger number of light and flow meters
immediately adjacent to mangrove corals spanning a wide
range of sizes.

For both species, colonies in the lagoon exhibited greater
color intensity than colonies in themangroves. Because higher
intensity of the red channel is inversely correlated with chlo-
rophyll density (Winters et al., 2009), this suggests that man-
grove colonies exhibit higher chlorophyll pigment density
than conspecifics in the lagoon. Elevated chlorophyll concen-
tration is a well-characterized adaptive response to maximize
light harvesting by photosynthetic symbionts in corals inhab-
iting low-light environments (Abramovitch-Gottlib et al.,
2005; Stambler and Dubinsky, 2005). The same trend was
documented in a comparison of mesophotic (45–50m) versus
shallow (20–25 m) colonies of Montastrea cavernosa (Lin-
naeus, 1767), where mesophotic colonies contained signifi-
cantly more Symbiodiniaceae cells, chlorophyll a per Sym-
biodiniaceae cell, and chlorophyll a and c2 per unit area
(Polinski and Voss, 2018). Similarly, increasing chlorophyll
concentrations were observed in branch fragments of Stylo-
phora pistillata Esper, 1797 transplanted to lower light levels
(from 95% to 0.8% photosynthetic active radiation, PAR0)
(Titlyanov et al., 2001).

The observed differences in colony form between habitats
might also be attributable to variation in light (Todd, 2008).
In P. astreoides, the hemispherical mounding phenotype was
found exclusively in the lagoon, while the plating, more flat-
tened formwas common in the mangroves. Variation in growth
forms in differing light regimes is thought to be an adaptive
response to maximize light capture in low-light environments
or enable self-shading in extremely high-light environments
(Klaus et al., 2007). For example, colonies of Porites rus
(Forskål, 1775) (formerly Synaraea rus Forskål, 1775) ex-
posed to high light levels exhibited hemispherical forms with
short branches, while colonies exposed to the lowest light
levels exhibited explanate or plating forms (Jaubert, 1977).
Similarly, the boulder star coral, Orbicella annularis (Ellis
& Solander, 1786), maximizes light capture in low light by
growing in a flattened growth form (Dustan, 1975).

Differences in corallite morphology were also consistent
across habitats.Mean corallite density was higher inmangrove
versus lagoon colonies for both species. Simultaneously, mean
corallite area was also smaller in mangrove versus lagoon col-
onies, but this result was significant only in P. divaricata.
Light availability has been linked to various aspects of coral-
lite morphology. In particular, lower light is associated with
decreasing corallite size (Beltran-Torres and Carricart-Gavinet,
1993), as in M. cavernosa, where mesophotic colonies were
found to have smaller corallites than shallow conspecifics
(Studivan et al., 2019). Light availability can also influence
the spacing between corallites, and corals exposed to lower
light have been shown to exhibit a greater degree of spacing
between corallites (Studivan et al., 2019). However, at odds
with these findings from other corals exposed to lower light
levels (Studivan et al., 2019), individuals of P. divaricata
and P. astreoides in the mangroves exhibited a lower degree
of corallite spacing than those in the lagoon. Nevertheless,
mangrove representatives of P. divaricata did exhibit signif-
icantly smaller corallite area, and smaller corallites or smaller
polyps generally are suspected to maximize surface area for
food capture (Sebens, 1997). Therefore, smaller corallite size,
and a higher density of corallites per unit area, might suggest a
greater reliance on heterotrophy in lower or more variable
light environments, such as the mangroves. This reliance on
heterotrophy may be particularly advantageous in mangrove
habitats, which could compensate for lower and more variable
light availability. In the temperate coralCladocora caespitosa
(Linnaeus, 1767), corals maintained in a low-light environ-
ment used nutrients from heterotrophy to supplement calcifi-
cation, and corals under high light converted carbon from
feeding to tissue biomass (Hoogenboom et al., 2008). Similar
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heterotrophic plasticity was observed in a laboratory study of
Goniastrea retiformis (Lamarck, 1816), which increased its
feeding rate to fully compensate for reduced phototrophy
when light levels were attenuated by suspended particulate
matter; interestingly, under the same conditions, Porites cy-
lindrica Dana, 1846 increased heterotrophy only slightly and
lost energy reserves as a result (Anthony and Fabricius,
2000). Consumption of dissolved nutrientsmay also be an im-
portant contributor to heterotrophy in the nutrient-rich man-
groves. For example, mangroves are particularly rich sources
of dissolved organic carbon (Dittmar et al., 2006). Uptake of
dissolved organic carbon has been shown to occur in some
corals, including both P. astreiodes and P. divaricata, where
it can mitigate the loss of autotrophic nutrients during annual
bleaching (Levas et al., 2016). Plasticity in trophic strategies
could be an important survival strategy in corals that are able
to exploit mangrove habitats; but the relative reliance on het-
erotrophy and autotrophy could impact different biological
processes differently, as in the facultatively symbiotic Astrangia
poculata (Ellis & Solander, 1786), where wound healing and
total tissue cover were impacted differently by autotrophy and
heterotrophy (Burmester et al., 2018).

Phenotypic variability has been widely documented in cor-
als spanning a range of environmental gradients. The consis-
tent phenotypic differences across habitat types in the two
species described here could be driven by constraints im-
posed by the habitat, phenotypically plastic responses to en-
vironmental variation, genetic differences due to the selection
of locally advantageous phenotypes, or any combination of
the above. Although measured or observable habitat con-
straints (i.e., prop root positioning) are touched on here, other
environmental constraints not measured (i.e., pH) could also
contribute to phenotypic differences between sites. For in-
stance, Camp et al. (2016) documented suppressed rates of
calcification and photosynthesis in corals occupying un-
shaded locations adjacent to mangroves compared to corals
inhabiting seagrass, back-reef, and outer-reef habitats. These
responses were attributed to lower mean pH at the two man-
grove sites located in the Indian and Pacific Ocean regions
(Camp et al., 2016). Going forward, pH may be a critical en-
vironmental parameter to measure, given its effect on coral
phenotype, and may be site specific. For example, coral-
dominated mangroves in the U.S. Virgin Islands were charac-
terized with higher pH than nearby reef habitats (Yates et al.,
2014). While more research is needed to determine the degree
to which phenotypic plasticity is driving the observed differ-
ences (i.e., reciprocal transplants of coral genets between hab-
itats), we suspect that it plays a prominent role in the variation
described here. First, all phenotypic differences observed be-
tween sites are consistent with documented trends in other
coral species in low-light versus high-light environments. Im-
portantly, there are many other environmental parameters that
are known to drive phenotypic variation, includingflow (Kaan-
dorp et al., 1996; Bruno and Edmunds, 1998), sedimentation
(Todd et al., 2001), and nutrient levels (Bongiorni et al.,
2003a, b). These other factors are also likely to contribute
to variation in phenotypes between mangrove and reef corals
of the same species, because mangroves are generally more
stagnant, turbid, and nutrient rich compared to reefs (Nagel-
kerken et al., 2008; Granek et al., 2009). Additionally, with
nearly every phenotypic trait, mangrove corals exhibited greater
variability. This may reflect greater micro-environmental var-
iation in the mangroves than the lagoon. For example, differ-
ent prop roots can be exposed to very different light levels or
flow patterns, depending on their distance from the peat bank,
canopy, or other roots (Farnsworth and Ellison, 1996).

As described in the Introduction, there is disagreement in
the literature over the species status of Caribbean branching
Porites. Consistent with current taxonomy, which is sup-
ported by multiple studies employing both morphological
and molecular criteria (Weil, 1992; Jameson, 1997; Forsman
et al., 2008; Jameson and Cairns, 2012; Dimond et al., 2017),
the current study treats P. divaricata as a distinct species, dis-
tinguishable in the field from Porites furcata and Porites porites
on the basis of differences in branch diameter and habitat pref-
erence. Importantly, in the current study, we selected the col-
onies with the smallest branch diameters in both mangrove and
lagoon habitats, and average branch diameter did not differ be-
tween habitats (Table 1; Fig. 7C). However, some studies have
been unable to discriminate these species by using morpho-
logical or molecular criteria (Brakel, 1977; Prada et al., 2014).
If, as these studies suggest, these Caribbean branching Porites
species constitute a singlemorphologically variable species, the
interpretation of our findings would not be qualitatively altered.
The differences we observed in the phenotype of mangrove
and lagoon specimens of P. divaricata would still represent
intraspecific differences that are associated with habitat, po-
tentially attributable to environmental plasticity, local adapta-
tion, or a combination thereof. A third possibility, not explic-
itly mentioned in the literature, is that P. divaricata is a distinct
species but not readily distinguishable from P. furcata and/or
P. porites in the field. Under this scenario, it is possible that
we were comparing individuals from different species. If there
were a systematic bias in the distribution of cryptic species be-
tweenmangrove and lagoon, any habitat-associated differences
we observed might have been conflated with species-specific
differences.

To our knowledge, this is the first study to directly compare
the phenotype of corals inhabiting mangrove prop root and
shallow lagoonal patch reef habitats. Given increasing interest
in the role of non-reef habitats for supporting coral resilience
(Yates et al., 2014; Hernández Fernández, 2015; Rogers, 2017;
Bengtsson et al., 2019; Camp et al., 2019; Kellogg et al., 2020;
Scavo Lord et al., 2020), it is important to understand whether
and how coral phenotypes can change to accommodate the con-
ditions found in what have historically been regarded as sub-
optimal habitats for corals, such as mangroves. The data pre-
sented here document intraspecific phenotypic differences in
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two species between one lagoon site and two mangrove sites
on Turneffe Atoll. To understand the generality of the habitat-
phenotype associations we observed, it will be critical to rep-
licate this study across additional mangrove and lagoon and/
or reef sites and across more coral species. Going forward, it
will also be important to differentiate genetic from environ-
mental factors in the phenotypic diversity documented here.
Toward this end, ongoing research is investigating (1) the ef-
fects of transplanting corals within and between mangrove and
lagoon habitats and (2) the genetic differences between man-
grove and lagoonal populations of Porites collected from the
sites used in this study.
Acknowledgments

This research described here was supported by National
Science Foundation grants DGE-1247312 to KSL and IOS-
1354935 to JRF. Fieldwork conducted in 2018 was sup-
ported by Boston University through a Graduate Research
Abroad Fellowship to KSL. The research was conducted un-
der Aquatic Scientific Research Permits 0041-18 (2018) and
0064-19 (2019) issued by the Belize Fisheries Department.
We would like to thank Felicia Cruz and Mauro Gongora
at the Belize Fisheries Department for assistance in obtain-
ing these research permits. We would also like to thank Julia
Hammer-Mendez, Jonathan Perry, and Justin Scace, staff of
the Boston University Marine Program, for their logistical
and technical support in the Marine Semester. We are grate-
ful for the expert technical assistance and natural history
knowledge of boat captains, staff, and researchers at Cala-
bash Caye Field Station and the University of Belize (includ-
ing Berris Torres, Derron Torres, Joshua Morey, and Javon
Castillo). We are also grateful to the Bertarelli Foundation
and the Oak Foundation for their contributions to the research
infrastructure at Calabash Caye Field Station, which facil-
itated the marine conservation-related research described here.
Literature Cited

Abramoff, M. D., P. J. Magalhaes, and S. J. Ram. 2004. Image process-
ing with ImageJ. Biophotonics Int. 11: 36–42.

Abramovitch-Gottlib, L., D. Dahan, Y. Golan, and R. Vago. 2005. Ef-
fect of light regimes on the microstructure of the reef-building coral
Fungia simplex. Mater. Sci. Eng. 25: 81–85.

Anthony, K. R. N., and K. E. Fabricius. 2000. Shifting roles of hetero-
trophy and autotrophy in coral energetics under varying turbidity. J. Exp.
Mar. Biol. Ecol. 252: 221–253.

Aronson, R. B., and W. F. Precht. 2001. White-band disease and the
changing face of Caribbean coral reefs. Hydrobiologia 460: 25–38.

Aronson, R. B., I. G. Macintyre, W. F. Precht, T. J. T. Murdoch, and
C. M. Wapnick. 2002. The expanding scale of species turnover events
on coral reefs in Belize. Ecol. Monogr. 72: 233–249.

Ban, S. S., N. A. Graham, and S. R. Connolly. 2014. Evidence for mul-
tiple stressor interactions and effects on coral reefs. Glob. Chang. Biol.
20: 681–697.
Beltran-Torres, A. U., and J. P. Carricart-Gavinet. 1993. Skeletal mor-
phologic variation in Montastrea cavernosa (Cnidaria: Scleractinia)
at Isla Verde Coral Reef, Veracruz, Mexico. Rev. Biol. Trop. 41: 559–562.

Bengtsson, Z. A., K. M. Kuhn, A. T. Battaglino, A. S. Li, M. N. Talbot,
M. Wafapoor, C. J. Atta, M. B. Kowalski, S. P. Margolis, E. A. Rar
et al. 2019. Corals of the genus Porites are a locally abundant compo-
nent of the epibiont community on mangrove prop roots at Calabash
Caye, Turneffe Atoll, Belize. Caribb. Nat. 67: 1–16.

Bingham, B. L., and C. M. Young. 2005. Stochastic events and dynam-
ics of a mangrove root epifaunal community. Mar. Ecol. 16: 145–163.

Bongiorni, L., S. Shafir, D. Angel, and B. Rinkevich. 2003a. Survival,
growth and gonad development of two hermatypic corals subjected to in
situ fish-farm nutrient enrichment. Mar. Ecol. Prog. Ser. 253: 137–144.

Bongiorni, L., S. Shafir, and B. Rinkevich. 2003b. Effects of particulate
matter released by a fish farm (Eilat, Red Sea) on survival and growth of
Stylophora pistillata coral nubbins. Mar. Pollut. Bull. 46: 1120–1124.

Brakel, W. H. 1977. Corallite variation in Porites and the species prob-
lem in corals. Pp. 457–462 in Proceedings of Third International Coral
Reef Symposium, Vol. 1, Biology, D. L. Taylor, ed. Rosenstiel School of
Marine and Atmospheric Science, Miami, FL.

Bruno, J. F., and P. J. Edmunds. 1998. Metabolic consequences of phe-
notypic plasticity in the coral Madracis mirabilis (Duchassaing and
Michelotti): the effect of morphology and water flow on aggregate res-
piration. J. Exp. Mar. Biol. Ecol. 229: 187–195.

Burmester, E. M., A. Breef-Pilz, N. F. Lawrence, L. Kaufman, J. R.
Finnerty, and R. D. Rotjan. 2018. The impact of autotrophic versus
heterotrophic nutritional pathways on colony health and wound recovery
in corals. Ecol. Evol. 8: 10805–10816.

Camp, E. F., D. J. Suggett, G. Gendron, J. Jompa, C. Manfrino, and
D. J. Smith. 2016. Mangrove and seagrass beds provide different bio-
geochemical services for corals threatened by climate change. Front.
Mar. Sci. 3: article52.

Camp, E. F., J. Edmondson, A. Doheny, J. Rumney, A. J. Grima, A.
Huete, and D. J. Suggett. 2019. Mangrove lagoons of the Great Bar-
rier Reef support coral populations persisting under extreme environ-
mental conditions. Mar. Ecol. Prog. Ser. 625: 1–14.

Carpenter, K. E., M. Abrar, G. Aeby, R. B. Aronson, S. Banks, A.
Bruckner, A. Chiriboga, J. Cortés, J. C. Delbeek, L. Devantier et al.
2008. One-third of reef-building corals face elevated extinction risk from
climate change and local impacts. Science 321: 560–563.

Darling, E. S., L. Alvarez-Filip, T. A. Oliver, T. R. McClanahan, I. M.
Cote, and D. Bellwood. 2012. Evaluating life-history strategies of
reef corals from species traits. Ecol. Lett. 15: 1378–1386.

Darling, E. S., T. R. McClanahan, and I. M. Cote. 2013. Life histories
predict coral community disassembly under multiple stressors. Glob.
Chang. Biol. 19: 1930–1940.

Dimond, J. L., S. K. Gamblewood, and S. B. Roberts. 2017. Genetic
and epigenetic insight into morphospecies in a reef coral. Mol. Ecol.
26: 5031–5042.

Dittmar, T., N. Hertkorn, G. Kattner, and R. J. Lara. 2006. Man-
groves, a major source of dissolved organic carbon to the oceans. Glob.
Biogeochem. Cycles 20: GB1012.

Doszpot, N. E., M. J. McWilliam, M. S. Pratchett, A. S. Hoey, andW. F.
Figueira. 2019. Plasticity in three-dimensional geometry of branching
corals along a cross-shelf gradient. Diversity 11: 44.

Dustan, P. 1975. Growth and form in the reef-building coral Montastrea
annularis. Mar. Biol. 33: 101–107.

Edmunds, P. J., and R. C. Carpenter. 2001. Recovery of Diadema
antillarum reduces macroalgal cover and increases abundance of juve-
nile corals on a Caribbean reef. Proc. Natl. Acad. Sci. U.S.A. 98:
5067–5071.

Farnsworth, E. J., and A. M. Ellison. 1996. Scale-dependent spatial and
temporal variability in biogeography of mangrove root epibiont commu-
nities. Ecol. Monogr. 66: 45–66.



182 K. SCAVO LORD ET AL.
Forsman, Z. H., D. J. Barshis, C. L. Hunter, and R. J. Toonen. 2008.
Shape-shifting corals: Molecular markers show morphology is evolu-
tionarily in Porites. BMC Evol. Biol. 9: 45.

Gardner, T. A., I. M. Cote, J. A. Gill, A. Grant, and A. R. Watkinson.
2003. Long-term region-wide declines in Caribbean corals. Science
301: 958–960.

Gleason, D. F. 1993. Differential effects of ultraviolet radiation on green
and brown morphs of the Caribbean coral Porites astreoides. Limnol.
Oceanogr. 38: 1452–1463.

Gleason, D. F. 1998. Sedimentation and distributions of green and brown
morphs of the Caribbean coral Porites astreoides Lamarck. J. Exp. Mar.
Biol. Ecol. 230: 73–89.

Granek, E. F., J. E. Compton, and D. L. Phillips. 2009. Mangrove-
exported nutrient incorporation by sessile coral reef invertebrates. Eco-
systems 12: 462–472.

Green, D. H., P. J. Edmunds, and R. C. Carpenter. 2008. Increasing
relative abundance of Porites astreoides on Caribbean reefs mediated
by an overall decline in coral cover. Mar. Ecol. Prog. Ser. 359: 1–
10.

Hernández Fernández, L. 2015. Stony corals on submerged mangrove
roots of Rhizophora mangle L. in Jardines de la Reina National Park,
Cuba. Rev. Investig. Mar. 35: 16–20.

Hoogenboom, M., R. Rodolfo-Metalpa, and C. Ferrier-Pagès. 2008.
Co-variation between autotrophy and heterotrophy in the Mediterranean
coral Cladocora caespitosa. J. Exp. Biol. 213: 2399–2409.

Hughes, T. P., M. L. Barnes, D. R. Bellwood, J. E. Cinner, G. S. Cum-
ming, J. B. C. Jackson, J. Kleypas, I. A. van de Leemput, J. M.
Lough, T. H. Morrison et al. 2017. Coral reefs in the Anthropocene.
Nature 546: 82–90.

Huston, M. 1985. Variation in coral growth rates with depth at Discovery
Bay, Jamaica. Coral Reefs 4: 19–25.

Jameson, S. C. 1997. Morphometric analysis of the Poritidae (Anthozoa:
Scleractinia) off Belize. Pp. 1591–1596 in Proceedings of the 8th Inter-
national Coral Reef Symposium, Vol. 2, H. A. Lessios and I. G. Ma-
cintyre, eds. Smithsonian Tropical Research Institute, Panama.

Jameson, S. C., and S. D. Cairns. 2012. Neotypes for Porites porites
(Pallas, 1766) and Porites divaricata Le Sueur, 1820 and remarks on
other western Atlantic species of Porites (Anthozoa: Scleractinia). Proc.
Biol. Soc. Wash. 125: 189–207.

Jaubert, J. 1977. Light, metabolism and growth forms of the hermatypic
scleractinian coral Synaraea convexa Verrill in the lagoon of Moorea
(French Polynesia). Pp. 483–488 in Proceedings of Third International
Coral Reef Symposium, Vol. 1, Biology, D. L. Taylor, ed. Rosenstiel
School of Marine and Atmospheric Science, Miami, FL.

Kaandorp, J. A. 1999. Morphological analysis of growth forms of
branching marine sessile organisms along environmental gradients.
Mar. Biol. 134: 295–306.

Kaandorp, J. A., C. Lowe, D. Frenkel, and P. M. A. Sloot. 1996. The
effect of nutrient diffusion and flow on coral morphology. Phys. Rev.
Lett. 77: 2328–2331.

Kellogg, C. A., R. P. Moyer, M. Jacobsen, and K. Yates. 2020. Identi-
fying mangrove-coral habitats in the Florida Keys. PeerJ 8: e9776.

Klaus, J. S., A. F. Budd, J. M. Heikoop, and B. W. Fouke. 2007. En-
vironmental controls on corallite morphology in the reef coral Mon-
tastraea annularis. Bull. Mar. Sci. 80: 233–260.

Lesser, M. P., V. M. Weis, M. R. Patterson, and P. L. Jokiel. 1994. Ef-
fects of morphology and water motion on carbon delivery and produc-
tivity in the reef coral, Pocillopora damicornis (Linnaeus): diffusion
barriers, inorganic carbon limitation, and biochemical plasticity. J. Exp.
Mar. Biol. Ecol. 178: 153–179.

Levas, S., A. G. Grottoli, V. Schoepf, M. Aschaffenburg, J. Baumann,
J. E. Bauer, and R. R. Warner. 2016. Can heterotrophic uptake of
dissolved organic carbon and zooplankton mitigate carbon budget defi-
cits in annually bleached corals? Coral Reefs 35: 495–506.
Lohr, K. E., D. J. Smith, D. J. Suggett, M. R. Nitschke, A. J. Dumbrell,
S. Woodcock, and E. F. Camp. 2017. Coral community structure and
recruitment in seagrass meadows. Front. Mar. Sci. 4: 388.

Muko, S., K. Kawasaki, K. Sakai, F. Takasu, and N. Shigesada. 2000.
Morphological plasticity in the coral Porites sillimaniani and its adap-
tive significance. Bull. Mar. Sci. 66: 225–239.

Nagelkerken, I., S. J. M. Blaber, S. Bouillon, P. Green, M. Haywood,
L. G. Kirton, J.-O. Meynecke, J. Pawlik, H. M. Penrose, A. Sase-
kumar et al. 2008. The habitat function of mangroves for terrestrial
and marine fauna: a review. Aquat. Bot. 89: 155–185.

Ow, Y. X., and P. A. Todd. 2010. Light-induced morphological plasticity
in the scleractinian coral Goniastrea pectinata and its functional signif-
icance. Coral Reefs 29: 797–808.

Polinski, J. M., and J. D. Voss. 2018. Evidence of photoacclimatization
at mesophotic depths in the coral-Symbiodinium symbiosis at Flower
Garden Banks National Marine Sanctuary and McGrail Bank. Coral
Reefs 37: 779–789.

Prada, C., M. B. DeBiasse, J. E. Neigel, B. Yednock, J. L. Stake, Z. H.
Forsman, I. B. Baums, and M. E. Hellberg. 2014. Genetic species
delineation among branching Caribbean Porites corals. Coral Reefs
33: 1019–1030.

Precht, W. F., A. W. Bruckner, R. B. Aronson, and R. J. Bruckner.
2002. Endangered acroporid corals of the Caribbean. Coral Reefs 21:
41–42.

R Core Team. 2018. R: a language and environment for statistical com-
puting. [Online]. R Foundation for Statistical Computing, Vienna. Avail-
able: http://www.R-project.org [2021, March 16].

Risk, M. J. 1972. Fish diversity on a coral reef in the Virgin Islands. Atoll
Res. Bull. 153: 1–6.

Rogers, C. S. 2017. A unique coral community in the mangroves of Hur-
ricane Hole, St. John, US Virgin Islands. Diversity 9: 29.

Rogers, C. S., and J. J. Herlan. 2012. Life on the edge: corals in man-
groves and climate change. Pp. 9A–13 in Proceedings of the 12th In-
ternational Coral Reef Symposium, Cairns, Queensland, Australia, July 9–
13, D. Yellowlees and T. P. Hughes, eds. James Cook University,
Townsville, Queensland, Australia.

Scavo Lord, K., K. C. Lesneski, Z. A. Bengtsson, K. M. Kuhn, J. Madin,
B. Cheung, R. Ewa, J. Taylor, E. M. Burmester, J. Morey et al.
2020. Multi-year viability of a reef coral population living on man-
grove roots suggests an important role for mangroves in the broader hab-
itat mosaic of corals. Front. Mar. Sci. 7: 377.

Sebens, K. P. 1997. Adaptive responses to water flow: morphology, ener-
getics, and distribution of reef corals. Pp. 1053–1058 in Proceedings of
the 8th International Coral Reef Symposium, Vol. 2, H. A. Lessios and
I. G. Macintyre, eds. Smithsonian Tropical Research Institute, Panama.

Shaish, L., A. Abelson, and B. Rinkevich. 2006. Branch to colony tra-
jectory in a modular organism: pattern formation in the Indo-Pacific
coral Stylophora pistillata. Dev. Dyn. 235: 2111–2121.

Soto, D., S. De Palmas, M. J. Ho, V. Denis, and C. A. Chen. 2018. Spa-
tial variation in the morphological traits of Pocillopora verrucosa along
a depth gradient in Taiwan. PLoS One 13: e0202586.

Stambler, N., and Z. Dubinsky. 2005. Corals as light collectors: an inte-
grating sphere approach. Coral Reefs 24: 1–9.

Stoddart, D. R. 1962. Three Caribbean atolls: Turneffe Islands, Light-
house Reef and Glovers Reef British Honduras. Atoll Res. Bull. 87: 1–151.

Studivan, M. S., G. Milstein, and J. D. Voss. 2019. Montastraea
cavernosa corallite structure demonstrates distinct morphotypes across
shallow and mesophotic depth zones in the Gulf of Mexico. PLoS
One 14: e0203732.

Titlyanov, E. A., T. V. Titlyanova, K. Yamazato, and R. van Woesik.
2001. Photo-acclimation dynamics of the coral Stylophora pistillata
to low and extremely low light. J. Exp. Mar. Biol. Ecol. 263: 211–225.

Todd, P. A. 2008. Morphological plasticity in scleractinian corals. Biol.
Rev. 83: 315–337.

http://www.R-project.org


CORAL VARIATION ACROSS HABITATS 183
Todd, P. A., P. G. Sanderson, and L. M. Chou. 2001. Morphological
variation in the polyps of the scleractinian coral Favia speciosa (Dana)
around Singapore. Hydrobiologia 444: 227–235.

Todd, P. A., R. J. Ladle, N. Lewin-Koh, and L. M. Chou. 2004. Geno-
type � environment interactions in transplanted clones of the massive
corals Favia speciosa and Diploastrea heliopora. Mar. Ecol. Prog.
Ser. 271: 167–182.

Veron, J. 2000. Corals of the World. Australian Institute of Marine Sci-
ence, Townsville.

Weil, E. 1992. Genetic and morphological variation in Caribbean and
eastern Pacific Porites (Anthozoa, Scleractinia): preliminary results.
Pp. 643–655 in Proceedings of the 7th International Coral Reef Sympo-
sium, Vol. 2, R. H. Richmond, ed. University of Guam Press, UOG Sta-
tion, Guam.

Winters, G., R. Holzman, A. Blekham, S. Beer, and Y. Loya. 2009.
Photographic assessment of coral chlorophyll contents: implications
for ecophysiological studies and coral monitoring. J. Exp. Mar. Biol.
Ecol. 380: 25–35.

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.
Appendix
Figure A1. Colony depth between sites. Mean colony depth in Porites divaricata, when mangrove sites were
pooled (A) and separated (B), and mean colony depth in Porites astreoides (C). The uppercase letters in (B) in-
dicate that each of the three means is significantly different from the other two. Each point on the graph represents
one colony. The line dividing the box into two sections represents the mean, the top and bottom lines of the box
represent the interquartile range, and the whiskers represent the largest and smallest values that lie within 1.5 times
the interquartile range. Statistically significant differences in colony depth between the two sites were determined
with a Mann-Whitney-Wilcoxon test in P. divaricata and a Student’s two-sample t test in P. astreoides. When
mangrove sites were separated, statistically significant differences were determined with an ANOVA and a Tukey
post hoc test.
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Figure A2. Boxplots depicting ecological volume of Porites divaricata in lagoon and mangrove environ-
ments when outliers were excluded (A) and when mangrove sites were separated, including (B) and excluding
(C) outliers. The uppercase letters in (B) and (C) indicate that each of the three means is significantly different from
the other two. Each point on the graph represents one colony. The line dividing the box into two sections represents the
mean, the top and bottom lines of the box represent the interquartile range, and the whiskers represent the largest and
smallest values that lie within 1.5 times the interquartile range. Statistically significant differences between the two
sites were determined with a Welch two-sample t test. When mangrove sites were separated, statistically significant
differences were determined with an ANOVA and a Tukey post hoc test.
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Figure A3. Boxplots depicting color intensity in the red, R, channel of Porites divaricata in lagoon and man-
grove environments when outliers were excluded (A) and when mangrove sites were separated, including (B) and
excluding (C) outliers. The uppercase letters in (B) and (C) indicate that each of the three means is significantly
different from the other two. Each point on the graph represents one colony. The line dividing the box into two
sections represents the mean, the top and bottom lines of the box represent the interquartile range, and the whiskers
represent the largest and smallest values that lie within 1.5 times the interquartile range. Statistically significant
differences between the two sites were determined with a Mann-Whitney Wilcoxon test. When mangrove sites
were separated, statistically significant differences were determined with Kruskal-Wallis and Dunn’s tests.
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Figure A4. Boxplots depicting color intensity in the green, G, and blue, B, channels of Porites divaricata
when mangrove sites were separated, including (A, C) and excluding (B, D) outliers. The uppercase letters in
(A)–(D) indicate that each of the three means is significantly different from the other two. Each point on the graph
represents one colony. The line dividing the box into two sections represents the mean, the top and bottom lines of
the box represent the interquartile range, and the whiskers represent the largest and smallest values that lie within
1.5 times the interquartile range. Statistically significant differences were determined with an ANOVA and a
Tukey post hoc test in the green channel. Statistically significant differences in color intensity in the blue channel
were determined with Kruskal-Wallis and Dunn’s tests when outliers were included and with an ANOVA and a
Tukey post hoc test when outliers were excluded.
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Figure A5. Boxplots depicting branch density, branch tip number, and average branch diameter in Porites
divaricata in lagoon and mangrove environments when outliers were excluded (A, B, C, respectively) and when
mangrove sites were separated, including (D, F, H, respectively) and excluding (E, G, I, respectively) outliers. The
uppercase letters in (D)–(I) indicate that each of the three means is significantly different from the other two. Each
point on the graph represents one colony. The line dividing the box into two sections represents the mean, the top and
bottom lines of the box represent the interquartile range, and the whiskers represent the largest and smallest values
that lie within 1.5 times the interquartile range. Statistically significant differences in all three branch metrics be-
tween sites were determined with a Mann-Whitney-Wilcoxon test when mangrove sites were pooled and with
Kruskal-Wallis and Dunn’s tests when mangrove sites were separated.
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Figure A6. Boxplot depicting rugosity in Porites astreoides when outliers were excluded. Each point on the
graph represents one colony. The line dividing the box into two sections represents the mean, the top and bottom
lines of the box represent the interquartile range, and the whiskers represent the largest and smallest values that lie
within 1.5 times the interquartile range. Statistically significant differences in rugosity between sites were deter-
mined with a Mann-Whitney-Wilcoxon test.
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Figure A7. Boxplots depicting corallite density (A), corallite area (B), and corallite spacing (C) in Porites
divaricata and corallite density in Porites astreoides (D) in lagoon and mangrove environments when outliers were
excluded. The uppercase letters in (E)–(J) indicate that each of the three means is significantly different from the
other two. Each point on the graph represents one colony. The line dividing the box into two sections represents the
mean, the top and bottom lines of the box represent the interquartile range, and the whiskers represent the largest and
smallest values that lie within 1.5 times the interquartile range. Statistically significant differences in corallite density
between sites were determined with a Mann-Whitney-Wilcoxon test in P. divaricata and a Welch two-sample t test
in P. astreoides. Statistically significant differences in corallite area and spacing in P. divaricata were determined
with a Student’s two-sample t test. Boxplots depicting corallite density, corallite area, and corallite spacing in P.
divaricata when mangrove sites were separated, both including (E–G) and excluding (H–J) outliers. Points, lines,
and whiskers are as for (A–D). When mangrove sites were separated, statistically significant differences in corallite
density were determined with Kruskal-Wallis and Dunn’s tests when outliers were included and with an ANOVA
and a Tukey post hoc test when outliers were excluded. Statistically significant differences in corallite area and
spacing were determined with an ANOVA and a Tukey post hoc test both including and excluding outliers.
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Figure A8. Color intensity of the green and blue channels in Porites divaricata and Porites astreoides. Mean
color intensity in the green, G, color channel in P. divaricata (A) and P. astreoides (B) in which no outliers were
detected. Mean color intensity in the blue, B, color channel in P. divaricatawith (C) and without (D) outliers and in
P. astreoides with (E) and without (F) outliers. Each point on the graph represents one colony. The line dividing
the box into two sections represents the mean, the top and bottom lines of the box represent the interquartile range,
and the whiskers represent the largest and smallest values that lie within 1.5 times the interquartile range. Statis-
tically significant differences in colony color intensity in the green and blue channels between sites were deter-
mined with a Student’s two-sample t test in both species.
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