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Half of coral species that occur on Caribbean reefs have also been reported living in
mangroves. Given the vulnerability of corals living on reefs to environmental change,
populations of the same species living in mangroves may prove critical to long-
term survival of these coral species and the resilience of nearby reefs. To date,
few studies have addressed the health and viability of mangrove coral populations,
which is necessary if we are to understand their role in the broader meta-community.
Here we present the first longitudinal study of the distribution, survival, growth, and
recruitment of a mangrove coral population over multiple years. From 2014 to 2018,
we fully censused a population of Porites divaricata along 640 meters of a mangrove-
lined channel at Calabash Caye, Belize, and beginning in 2015, we tagged individual
colonies for longitudinal monitoring. Year-to-year survivorship averaged 66.6% (±3.9
SE), and of the surviving colonies, on average, 72.7% (±2.5 SE) experienced net
growth. The number of colonies, their spatial distribution, and population size-structure
were essentially unchanged, except for an unusually high loss of larger colonies from
2016 to 2017, possibly the result of a local disturbance. However, each annual census
revealed substantial turnover. For example, from 2016 to 2017, the loss or death of
72 colonies was offset by the addition of 89 recruits. Integral projection models (IPM)
for two consecutive one-year intervals implicated recruitment and the persistence of
large colonies as having the largest impacts on population growth. This 5-year study
suggests that the P. divaricata population in the mangroves is viable, but may be
routinely impacted by disturbances that cause the mortality of larger colonies. As many
corals occur across a mosaic of habitat types, understanding the population dynamics
and life-history variability of corals across habitats, and quantifying genetic exchange
between habitats, will be critical to forecasting the fate of individual coral species and to
maximizing the efficacy of coral restoration efforts.
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INTRODUCTION

Throughout the tropics and subtropics, reef-building corals are
in a precarious state of decline driven primarily by the direct
and indirect impacts of climate change: increased sea surface
temperatures and the coral epizootics they can promote, ocean
acidification, aggravated cyclonic storms, and sea level rise
(Aronson and Precht, 2001; Pandolfi et al., 2003, 2011; Van
Hooidonk et al., 2016; Hughes et al., 2017). Given that climate
change is not reversible in the short term, and there may be
“insufficient time for substantial evolutionary responses,” such as
the origin of novel adaptive phenotypes (Pandolfi et al., 2011),
the immediate future of coral reefs will depend to a great extent
on the existing capacity of corals to survive these environmental
challenges (Vollmer and Palumbi, 2007). Resilience to the
impacts of climate change varies within and between coral
species, populations, and habitats (Oliver and Palumbi, 2011).
Indeed, some habitats not normally regarded as “core habitat” for
corals could be increasingly important to the survival of corals
if they temper stressors that are more pronounced in typical reef
environments or if they harbor particularly resilient individuals.
Potential coral refugia or resilience reservoirs include areas of
upwelling (Jimenez et al., 2001), mesophotic reefs (Bongaerts
et al., 2010), high latitude reefs (Beger et al., 2014), and mangrove
forests (Rogers and Herlan, 2012).

Mangroves have generally not been regarded as suitable
habitat for corals due to high fluctuations of temperature and
light, high turbidity, and high nutrient loads (Rogers and Herlan,
2012; Yates et al., 2014; Hernández-Fernández, 2015). However,
coral assemblages comprising as few as two or as many as
34 species have been documented in mangrove habitats in
the Atlantic, Pacific, and Indian Ocean basins (Rogers and
Herlan, 2012; Hernández-Fernández, 2015; Camp et al., 2016;
Bengtsson et al., 2019).

Increasing interest in the relationship between mangrove
forests and coral populations is being motivated by the suggestion
that mangroves may serve as either coral refugia (Yates et al.,
2014) or as reservoirs of particularly stress-tolerant individuals
(Camp et al., 2018a,b, 2016). For example, in Hurricane Hole,
United States Virgin Islands, many decades-old corals found
living in mangrove habitats in 2010–2012 had survived a
bleaching event that caused mass mortality of the same species
living on reefs in 2005–2006; at this site shading from the
mangrove canopy was strongly associated with a reduction in
bleaching (Yates et al., 2014). However, mangroves can also
expose corals to greater environmental stress than reef habitats,
such as lower pH and greater variations in temperature (Camp
et al., 2016). Long term exposure to such seemingly detrimental
environmental conditions has been shown to confer greater
resistance to thermally induced bleaching in corals (Castillo and
Helmuth, 2003; Oliver and Palumbi, 2011; Palumbi et al., 2014).
It may therefore be the case that corals in the mangroves survive
conditions that reef conspecifics cannot tolerate not because the
mangrove is a refuge, but because they are adapted or acclimated
to more stressful conditions (Yates et al., 2014; Camp et al., 2016).

If mangrove forests are to contribute significantly to coral
survival, whether by serving as refugia or resilience reservoirs,

coral populations in the mangroves must be self-sustaining
and able to survive periods of high mortality in nearby reefs
(Yates et al., 2014). Demonstrating this will require demographic
studies on mangrove coral populations using cross-sectional (i.e.,
single timepoint) and/or longitudinal (i.e., over time) approaches.
Cross-sectional studies on the size structure of mangrove coral
populations can provide insights into the recent history of
coral populations and predict future population trends (Bak and
Meesters, 1998). Longitudinal monitoring of individual colonies
in particular mangrove populations is much more labor intensive,
but it provides direct evidence of coral viability over time
including the degree of variation among individual colonies in
growth and survival (Bak and Meesters, 1998; Vermeij and Bak,
2000; Meesters et al., 2001; Miller et al., 2016). Here, we describe
results of a longitudinal study on a finger coral (Porites divaricata)
occupying the prop roots of red mangroves (Rhizophora mangle)
at Calabash Caye, Turneffe Atoll, Belize.

Three attributes of P. divaricata make it an ideal model system
for understanding the importance of mangrove coral populations
for the viability of Caribbean coral reefs during this period of
rapid environmental change: (1) P. divaricata appears to be the
most consistent member of mangrove coral assemblages in this
region (Rogers and Herlan, 2012; Yates et al., 2014; Hernández-
Fernández, 2015; Camp et al., 2016; Bengtsson et al., 2019), (2)
it is a “weedy” coral whose abundance relative to historically
dominant Caribbean corals appears to be increasing on the reef
as these habitats become increasingly degraded (Darling et al.,
2012, 2013), and (3) it plays an important role in past and
present ecological succession on Caribbean reefs (Knowlton,
2001; Green et al., 2008; Darling et al., 2012). P. divaricata has
been one of the dominant species at depths of 1 m or less in
lee habitats (lagoonal and well-protected embayments) along the
Belizean Barrier Reef since at least the 1980s (Aronson et al.,
1998), perhaps because of its stress tolerance (Crook et al., 2012;
Grottoli et al., 2014). This historical pattern of succession in
disturbed environments and tolerance to anticipated stressors
has led to the view that future reefs will be composed of corals
capable of existing as small, patchy colonies with weedy life
histories (like P. divaricata), which could entirely replace the
major reef framework-builders (Crook et al., 2012). Therefore,
the demographic dynamics of species like P. divaricata in these
non-reefal habitats could be one key to the seeding and re-
establishment of future coral reefs.

We employed both longitudinal and cross-sectional
approaches to assess the population dynamics of a mangrove
associated population of P. divaricata, tracking recruitment,
growth, mortality, and size structure. Our data will allow us
to infer whether the mangrove population was viable and
to determine which size classes have the greatest impact on
population viability.

MATERIALS AND METHODS

Study Site
Our study was conducted at Calabash Caye on the eastern
edge of Turneffe Atoll, approximately 33 km off the coast of
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Belize (Figure 1A). To the north of this main island, separated
by a channel approximately 26 m wide at its narrowest point
(Calabash Channel) is “Little Calabash.” We monitored coral
colonies inhabiting the prop roots of red mangrove (Rhizophora
mangle) fringing portions of Calabash Channel (17◦17′12.88′′N,
87◦48′41.86′′W) and a small creek leading from Calabash
Channel to an interior lagoon in the center of Calabash Caye—
we will refer to this creek as Calabash Creek (17◦17′10.50′′N,
87◦48′44.94′′W). No coral colonies were observed attached on the
bottom substrate of the mangrove channel.

Coral Monitoring and Demographic Data
Collection
In November and December of 2014, we conducted an initial
survey of three locations in Calabash Creek (Figure 1A): (1) a
290 m stretch of shoreline on the north side of the channel; (2)
a 300 m stretch of shoreline on the south side of the channel;
and (3) a 50 m stretch of shoreline along the eastern and western
sides of Calabash Creek, on the south side of the channel. We
captured high resolution photos of each colony, and from these
photos, the species identity of each colony was confirmed by Dr.
Ernesto Weil (University of Puerto Rico, Mayagüez), an expert
on branching Porites in the Caribbean. For each colony, we
used calipers to obtain field measurements of length, width, and
height. From these linear dimensions, we calculated ecological
volume as πHr2 where H is equal to colony height, and r is
equal to (width + length)/4 (Shaish et al., 2006). For colonies
that consisted of single branches, their volume was approximated
as a cylinder (V = πr2h), with r = 0.5 × branch diameter and
h = branch length. The number of branch tips was recorded
for each colony.

In November and December of 2015, we tagged and recorded
GPS coordinates of each individual coral colony identified
during an exhaustive census of the same three stretches of
shoreline in Calabash Channel described above. Each tagged
colony was photographed and measured as described above.
In November and December of 2016, 2017, and 2018, we
revisited the three transects, and we tagged and recorded
GPS coordinates of all new colonies that we observed. These
new colonies were designated as “recruits.” All colonies were
photographed and measured as described above, including those
tagged in a previous year. We reported a colony as dead if
there was no living tissue on the skeleton, if the colony was
missing from the root, or if the portion of the root bearing the
colony had broken off.

In addition to monitoring the tagged colonies along our
three principal transects (Figure 1A), in 2017, we identified
and measured 209 P. divaricata colonies inhabiting prop roots
in the western section of Calabash Channel. As we have only
one year’s data on these corals, we did not track their year-
to-year growth and survival, and we did not include them
directly in our population modeling. However, we did use
data from these colonies to estimate the size structure of
the entire population in order to calculate the recruitment
parameter used in the integral projection models (IPM)
(Supplementary Datasheet S1).

Population Size-Frequency Distributions
Size-frequency distributions were generated for the population
in 2014, 2015, 2016, 2017, and 2018 using logarithmically
transformed values for ecological volume (Bak and Meesters,
1998; Vermeij and Bak, 2000; Meesters et al., 2001; Miller et al.,
2016). For each size-frequency distribution, we calculated the
geometric mean and standard deviation, skewness (g1), and
kurtosis (g2). The size distributions were compared across years
using a 2-sample Kolmogorov-Smirnov test.

Modeling Growth and Survival as a
Function of Size
Linear models were fit to estimates of ecological volume of
colonies at one point in time as a function of ecological volume
the year before using the “lm” function in the statistical software
R (R Core Team., 2018). Period (2015–2016 or 2016–2017) was
included as a co-factor, but was dropped from the model because
it had no significant effect on growth.

Logistic regression models were used to model survival (0:
dead, 1: alive) as a function of size using the “glm” function
of R with a binomial error distribution (R Core Team., 2018).
We included both volume and volume squared as fixed effects
in order to capture both monotonic and quadratic effects of
size (e.g., hump-shaped relationships). We also included census
period as a factor (2015–2016 vs. 2016–2017). It was highly
significant, indicating that the relationship between size and
survival differed between periods. We therefore analyzed each
period separately.

Population Modeling
For two time periods, 2015–2016 and 2016–2017, we developed
IPM to relate the number of coral colonies n(y; t + 1) exhibiting
size distribution y at time t + 1 to the number of coral
colonies n(x; t) exhibiting size distribution x at time t (Easterling
et al., 2000; Madin et al., 2012). The IPM “kernel” representing
transitions from state x to state y incorporated colony survival
(s), growth (g) and reproduction (r) as follows.

n(y, t + 1) =

∫ [
s(x)g(x, y)+ r(x, y)

]
n(x, t)dx (1)

This approach has recently been used to model the demographics
of other coral species (Bruno et al., 2011; Burgess, 2011; Madin
et al., 2012; Elahi et al., 2016; Montero-Serra et al., 2017). Separate
IPM were constructed using demographic data collected in 2015–
2016 and 2016–2017 because the relationship between size and
survival differed between these two census years (Supplementary
Datasheet S2 and Table 2).

The survival function, s(x), relates the probability of surviving
to time t+1 based on size x at time t as follows:

s(x) = (b+ ε) log it−1(mx+ nx2
+ c+ ε) (2)

where b is the size-independent survival probability (with error,
ε). The size-dependent survival probability derives from the
logistic regression analysis described above, with coefficients
m, n, and c estimated from the best fitting models based
on empirical data. Ecological volume (cm3) was used to
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FIGURE 1 | Coral abundance and geographic distribution. A map of particular locations within the study area is shown in panel (A). The black solid lines along the
north (0–290 m), creek and south shorelines (0–350 m) represent the area surveyed for the study from 2014 to 2018. The black dashed lines represent the area
surveyed for colonies for independent size data. The spatial distribution of individual coral colonies along the study locations is shown for 2014 (A), 2015 (B), 2016
(C), and 2017 (D). The number of colonies found at a particular location along the north shoreline and the south shoreline are shown for 2014 (B), 2015 (C), 2016
(D), 2017 (E), and 2018 (F). The map was obtained from Google Earth (image© 2017 DigitalGlobe).

represent colony size, and all values were natural log-transformed
before being incorporated in the model as previously suggested
(Edmunds et al., 2014).

The growth function, g(x,y), describes the probability that an
individual of size x at time t will grow to y at time t + 1. In both
census periods, colony growth was modeled as y (size at t + 1)
regressed against x (size at t) using a generalized least squares
method to incorporate growth variance at different colony sizes

into the model. We capture this probability using the normal
probability function (see Madin et al., 2012 for details):

g(x, y) =
1

σ
√

2π
e
−(y− (mx+ c))2

2σ2 (3)

The recruitment function r(x,y) was used in place of the standard
fecundity function because empirical data relating fecundity to
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colony size were not collected in this study. This recruitment
function is commonly used in coral IPM studies when modeling
a closed population where the number of recruits depends on the
summed size of the individuals in the population (Madin et al.,
2012; Edmunds et al., 2014).

We modeled the population as a closed system for several
reasons. Geographically, the population in the mangrove-
lined channel appears to be isolated. The nearest known reef
population of P. divaricata is more than 1.5 km away (personal
observation). While a thorough survey of nearby seagrass
beds has not been conducted, we observed no P. divaricata
inhabiting the seagrass beds adjacent to either the eastern or
the western openings of the channel. Biologically, P. divaricata
is a brooding coral, and recruitment in brooding corals is
typically highly localized (Harrison and Wallace, 1990; Harii
et al., 2002; Underwood et al., 2007; Jones et al., 2009), although
some propagules can travel large distances (Underwood et al.,
2007). Practically, modeling the population as a closed system
allows us to assess the local dynamics within the mangrove
environment provided that the population is no longer supported
by recruitment from outside of the population (Madin et al., 2012;
Edmunds et al., 2014). Like many colonial organisms, fecundity
in P. divaricata is a function of colony size x, and therefore
recruitment was modeled in the following way (Madin et al.,
2012; Edmunds et al., 2014):

r(x, y) =
{

qx if x > 0.02 and y ≤ 0.02
0 if x ≤ 0.02 for all y

(4)

Where q is equal to the number of recruits that enter the
population per unit colony volume. In modeling recruitment in
this way, the number of individuals entering the population at
t+1 was estimated to be a function of the size of all colonies in
the population at time t (Hall and Hughes, 1996; Madin et al.,
2012; Edmunds et al., 2014). These recruits are assumed to enter
the population below the smallest size class observed, less than
0.02 cm3.

For each year, the survival, growth, and recruitment functions
were combined according to Eq. 1 to create the model kernels.
We used a 100 × 100 matrix for the kernel ranging from ∼1.3×
the smallest observed colony volume (in natural log space) to
1.2× the largest observed colony to prevent individuals from
being evicted from the model. We allowed for one recruitment
size class that was >−4 (i.e., the natural log of the smallest
size class, 0.02 cm3; see Eq. 4). To estimate q (recruits per
unit colony volume), we used maximum log-likelihood to find
the best match between the model’s stable size distribution (the
dominant eigenvector) and the empirical size distribution from
all tagged colonies, including the additional colonies outside of
the population that were measured in 2017 (Supplementary
Datasheet S1); the analysis was performed using the mle function
from the stats4 package in R (R Core Team., 2018), and confint
was used to calculate the 95% confidence intervals associated
with q.

For both IPMs, we used a single estimate of q based upon
the 2015–2016 sampling interval (q = 0.83 recruits per cm3

of colony volume; 95% confidence interval: 0.63 to 1.1). The

recruitment parameter is sensitive to population size structure,
and we obtained different estimates of q for 2015–2016 (0.83)
and 2016–2017 (9.3). Biologically, there is no reason to suspect
that the recruitment parameter would vary over 10-fold from
year-to-year. We chose to use the smaller recruitment value
(2015–2016 interval) in both IPMs because we believe that the
2015–2016 interval better represented the typical population size
structure, i.e., with an approximately normal size distribution of
colonies (Figure 2C).

Based on the estimate of q, we then calculated the asymptotic
growth rates or dominant eigenvalues (λ) and corresponding
95% confidence intervals. Additionally, we calculated the
percentage of local recruitment necessary for the population
to be self-sustaining (λ > 1) by lowering q until λ = 1.
Sensitivity and elasticity analyses were also conducted on the
model kernels in order to determine the relative contribution
of colony sizes to the asymptotic growth rates (λ) using the
sensitivity and elasticity function from the popbio package in R
(Stubben and Milligan, 2007).

Resident and Recruit Distribution
Analysis
To determine if new colonies (recruits) were spatially clustered
in relation to established colonies (which would be expected
if recruitment is highly localized), we compared the observed
distances between recruits and established colonies to randomly
generated distances. We used the “Generate Near Table” tool in
ArcGISTM (Version 10.5, Esri Inc.) to determine the shortest
distance between new colonies found in both 2016 and 2017
and the closest resident colony from the prior year. Resident
colonies below 10 cm3 were not included in the analyses due
to the low likelihood that they would have produced recruits in
the respective time interval. We then used the “Create Random
Points” tool in ArcGISTM to place randomly located “recruits”
within the boundaries of the 2015 or 2016 resident colony
distributions, while holding the number and locations of the
resident colonies fixed. In 100 random trials for each of the two
1-year intervals, we matched the number of random points used
in each trial to the number of recruits found in 2016 or 2017.
The average nearest-neighbor distance between randomly located
recruits and resident colonies from each trial over each year was
calculated and compared to the actual distance between recruits
and residents in 2016 and 2017, respectively.

RESULTS

Coral Abundance and Geographic
Distribution
Along the 690 m of shoreline surveyed for this study, the
number of coral colonies identified through exhaustive censuses
conducted in 2014 through 2018 was 127, 194, 196, 205,
and 204, respectively. Based on the relative scarcity of small
colonies discovered in 2014 (see below), we suspect that the
low population count obtained during the study’s initial census
was due to undercounting recruits that have not yet developed

Frontiers in Marine Science | www.frontiersin.org 5 June 2020 | Volume 7 | Article 377

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-00377 May 29, 2020 Time: 20:14 # 6

Scavo Lord et al. Survivorship and Growth of Corals on Mangrove Roots

FIGURE 2 | Population size frequency distributions. The size frequency
distributions for the populations in 2014, 2015, 2016, 2017, and 2018 are
displayed in panels (A–E), respectively. Colonies were binned by size based
on the natural log of their ecological volume. The number of colonies is
represented above each bar. New recruits identified from 2016 to 2018 are
represented in dark gray (C–E). In 2018, we inadvertently neglected to
measure a single individual, so while 204 colonies were found, size is provided
for 203 individuals.

branches. Within the study site, the geographic distribution of
coral colonies was essentially unchanged from year to year,
despite substantial turnover in the population (Figure 1). For
example, along the north shoreline of Calabash Channel, corals

were most abundant in the same 50 m stretch (∼45–95 m;
Figure 1D) and were completely absent near the eastern opening
of the channel during all five annual censuses.

Population Size-Frequency Distributions
The size-frequency distributions (Figure 2) and their
corresponding parameters (Table 1) reveal slight changes
in the proportion of larger and smaller colonies, but no
significant change in population size-structure from 2014–2016
to 2017–2018. However, the population size-structure in 2017
was significantly different than that observed in 2014–2016 (two-
sample Kolmogorov-Smirnov test; Figure 2), and the population
structure in 2018 differed from that observed in 2014 and 2016,
but not 2015. The size-distribution in 2014 was approximately
symmetric with a slightly negative skew, indicating a greater
proportion of larger colonies (g1 = −0.198). It shifted slightly
toward a more positive skew in 2015, indicating an increase in
the number of smaller colonies (g1 = −0.166) (Figures 2A,B).
This shift toward smaller colonies is reflected by a decrease in the
geometric mean volume from 48.9 cm3 in 2014 (SD = 10.1) to
35.0 cm3 in 2015 (SD = 18.0). The higher proportion of smaller
colonies is attributable mainly to the influx of new recruits
(n = 67), and not to loss or shrinkage of large colonies (see
below). In 2016, the distribution became more negatively skewed
(g1 = −0.267), indicating that there was a slight increase in the
proportion of larger colonies, but the population distribution
was still approximately symmetric (Figure 2C). This geometric
mean volume increased from 35.0 cm3 in 2015 to 58.4 cm3 in
2016 (SD = 18.9). In 2017, the skewness shifted in the positive
direction (g1 = −0.025) due to the influx of recruits and the loss
of larger individuals (Figure 2D). Mean volume decreased from
58.4 cm3 in 2016 to 20.3 cm3 in 2017 (SD = 26.5) (Table 1). In
2018, the skewness shifted even more in the positive direction
(g1 = 0.057) with the loss of moderately sized individuals as
well as the substantial influx of recruits (Figure 2E). Mean
colony volume stayed relatively constant from 2017 averaging
approximately 21.3 cm3 (SD = 23.8).

Survival and Recruitment of Individual
Colonies
In each of the three intervals from 2015 through 2018, we
observed an increase in the population, ranging from 1.5 to 9.0%
(Figure 3A). On average, two-thirds of the colonies survived
from each year to the next, while the loss of the remaining
colonies was exceeded by the addition of new recruits to the
population in each year (Figure 3B). For example, from a baseline
of 191 colonies in 2015, 142 (74%) survived to 2016, while 49
(26%) were recorded as dead or missing in 2016. Fifty-four
new colonies, either not present or not found in 2015, were
identified. As a class, these putative recruits represent the lower
end of the size distribution for all of the colonies measured in
the 2016 population, consistent with them being the youngest
colonies in the population (Figure 2C)—the geometric mean
size of these newly tagged colonies was 3.7 cm3 (SD = 8.8;
range = 0.04–268.05 cm3) and the mean tip number was 1.4
(SD = 2.1; range = 0–9).
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TABLE 1 | Distribution parameters of the population size-frequency distributions.

Year N µ SD g1 g2 p vs. 2015 p vs. 2016 p vs. 2017 P vs. 2018

2014 127 48.9 10.1 −0.198 −0.680 0.22 0.12 <0.001 0.001

2015 194 35.0 18.0 −0.166 −0.824 0.15 0.01 0.095

2016 196 58.4 18.9 −0.267 −0.789 0.001 0.006

2017 205 20.3 26.5 −0.025 −1.271 0.69

2018 204 21.3 23.8 0.057 −1.213

N, total number of colonies; µ, geometric mean size (cm3); SD, geometric standard deviation of the mean; g1,skewness; g2, kurtosis; p vs. 20XX = p-values from 2-sample
Kolmogorov-Smirnov test.

The cause of colony mortality was difficult to discern, but in
a handful of cases, full or partial mortality could be associated
with: (1) detachment of the colony from the mangrove root, (2)
breakage or detachment of the mangrove root, or (3) overgrowth

FIGURE 3 | Net population change broken down by survival, mortality and
recruitment. (A) Net population changes over three 1-year intervals. In
calculating the percentage population changes, we adjusted the baseline at
the start of each interval to eliminate colonies that were inadvertently
dislodged from a root during the course of measuring them (n = 4) or small
colonies that were suspected of merging with larger adjacent colonies and
thus could not be counted in the subsequent population census (n = 11). This
resulted in a downward adjustment of the baseline from 194 (open blue circle)
to 191 (closed red circle) in 2015, from 196 to 188 in 2016, and from 205 to
200 in 2017. We did not calculate a population change from 2014 to 2015
because we could not ascribe the overall change in population to
contributions from mortality and recruitment (because we did not tag
individual colonies in 2014). Furthermore, we suspect we may have
undercounted the recruits in the pilot year of the study. (B) Breakdown of
population changes by survival and mortality of colonies present at the start of
each interval and recruits identified at the end of each interval.

by competitors such as sponges and macroalgae (Figure 4). In
2017 and 2018, we documented the potential cause of mortality
for all colonies that did not survive from 2016 (n = 72) and
2017 (n = 73). A majority of the colonies, 81.9% (n = 59) in
2017 and 94.5% (n = 69) in 2018, were documented as missing,
because we found the tag but not the colony itself (which
suggests that the colony became dislodged from the root), or we
found neither the colony nor its tag (which suggests that the
root itself became dislodged). In 16.7% (n = 12) of instances
in 2017 and 4.1% (n = 3) in 2018, we found a dead but not
completely overgrown colony attached to the root, and in one
case (1.4%) in 2017 (1.4%) and 2018 (1.4%), the deceased coral
was completely overgrown by sponges. Of note, the sponges that
we observed overgrowing P. divaricata are mangrove-restricted
species (Clathria venosa, Lissodendoryx isodictyalis; Figure 4),
indicating that the biotic interactions of P. divaricata differ across
the habitats where it occurs.

Growth of Individual Colonies
In each year from 2016 to 2018, the majority of colonies that
survived the previous year experienced net growth. From 2016 to
2018, 77.5% (n = 110), 69% (n = 80), and 71.7% (n = 91) increased
in volume, while 22.5% (n = 32), 31% (n = 36), and 28.3% (n = 36)
decreased in volume or underwent partial mortality, respectively
(Figure 5). The average change in ecological volume from 2016
to 2018 was 448.8 cm3 (SD = 1169.1), 197.4 cm3 (SD = 880.8),
and 204.6 cm3 (SD = 1596.3), while the average change in tip
number was 4.3 (SD = 10.6), 2.3 (SD = 9.7), and 3.0 (SD = 11.5),
respectively. Representative photos of colonies that underwent
net positive growth or partial mortality are shown in Figure 6.

The Effect of Size on Growth and
Mortality
Colony size did not exhibit a consistent relationship to
survival across census intervals. There was a significant positive
relationship between colony size in 2015 and the probability of
survival to 2016, such that larger colonies had a higher probability
of survival than smaller colonies (Table 2 and Figure 7A, black
symbols). However, during the 2016–2017 period, many large
colonies died (Table 2 and Figure 7A, red symbols), resulting
in a hump-shaped survival curve, where peak survivorship was
exhibited by colonies of intermediate size. The relationship
between colony size and colony growth was consistent between
census periods (Figure 7B).
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FIGURE 4 | Representative colonies exhibiting partial or complete mortality. Overgrowth of P. divaricata by sponges (A,B). Based on the grayish canals, which
radiate from the protruding oscules, the yellow sponge in panel (A) appears to be Clathria venosa Alcolado 1984 (Collin et al., 2005; Diaz and Rützler, 2009). This
encrusting species has previously been recorded on mangroves prop roots in Belize, Cuba and Panama (Diaz and Rützler, 2009). The turquoise sponge in panel (B)
is possibly Lissodendoryx isodictyalis, a shallow-water mangrove sponge that is known to overgrow Porites (Laubenfels, 1950; Rutzler et al., 2007). Further analyses
(e.g., characterization of spicules and DNA sequences) will be required to confirm species identity. An apparently intact skeleton lacking any live coral tissue is shown
in panel (C).

Population Growth Projections Based on
IPM
Due to the differing mortality of large colonies observed over
our two census intervals, we developed separate IPM based on
the data from 2015–2016 to 2016–2017, and those two models
yielded different population growth projections (Figure 8).
The 2015–2016 model projected modest population growth
(λ = 1.047; 95% confidence interval = 1.012–1.089), which,
if it held constant, would cause the population to double
in 15 years. The 2016–2017 model forecasts a population
decrease (λ = 0.682; 95% confidence interval = 0.675–0.691).
In both years, sensitivity and elasticity analyses revealed that
recruitment was the biggest contributor to population growth
rate (λ) followed by colonies of larger sizes (Figure 9), likely
due to increased survival (Figure 7A) and reproduction by
larger colonies.

Potential sources of error in our demographic data collection
methods were used to test the robustness of the model. First,
it is probable that some of the colonies that were marked as
missing or dead may have simply been missed or unnoticed by
a researcher along the transect. Algal and sponge overgrowth
on the roots can conceal tags as well as a majority of the
colony which may render it nearly invisible. Second, while

careful attention was given to searching for recruits each year,
it is probable that the number of recruits was underestimated
each year given the difficulty of seeing small recruits on the
epibiont covered mangrove roots. In few cases, these instances
can be used to test the robustness of the model; for example,
when adding two colonies that were recorded as missing but
found in the subsequent year, as well as an individual that
had been missed as recruit in one year to the model, there
were no significant changes in the model parameters and
overall model output.

Resident and Recruit Distribution
Analysis
In each year that we scored their locations (2016–2018),
recruits were located significantly closer to resident colonies
than expected by chance. In 2016, recruits were located 0.25 m
(SD = 1.0) from resident colonies on average. By contrast, in
100 trials using randomly generated locations for recruits, the
mean distance from the resident colonies was over 8× as great
(mean = 2.1 m, SD = 2.2). Similarly, in 2017, the randomly
generated distance was almost 5.7× greater (2.1 ± 2.4 vs.
0.37 ± 1.1 m), while in 2018, it was 5.3× greater (2.5 ± 3.6 vs.
0.47± 1.3 m).
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FIGURE 5 | Growth of individual colonies. Colonies that exhibited net positive growth in 2015–2016, 2016–2017, and 2017–2018 are represented in panels (A–C),
respectively. Colonies that exhibited net negative growth in 2015–2016, 2016–2017, and 2017–2018 are represented in panels (D–F), respectively.

DISCUSSION

Several observations suggest that the population of P. divaricata
in the mangroves at Calabash Caye is viable and relatively
stable. First, we observed a general stability in population
size, where recruitment slightly exceeded colony mortality.
This was true despite the fact that Calabash Caye was hit
by Hurricane Earl in August 4, 2016 (Stewart, 2017), and
hurricanes can be extremely destructive to mangrove corals
(Rogers, 2019). Second, the size-frequency distributions are

generally consistent with those found in other self-sustaining
populations which tend to exhibit approximately log-normal
size distributions and moderate (usually slightly negative)
values of skewness (Meesters et al., 2001). The stability of the
population is also supported by the integral projection model
for the 2015–2016 time period, which projected an annual
population growth rate of 4.6% (log of λ = 1.047). Because
the population was modeled as closed, λ > 1 indicates that
the population is capable of self-replenishment in the absence
of recruits from other local populations. This is likely for a
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FIGURE 6 | Examples of colony growth and shrinkage. (A) Colony #97 in
2015. (B) The same colony in 2016 after adding 35 branch tips and increasing
1084 cm3 in ecological volume. (C) Colony #37 in 2016. (D) The same colony
in 2017 after adding 23 branch tips and increasing 326.7 cm3 in ecological
volume. (E) Colony #77 in 2016. (F) The same colony in 2017 after losing 32
branch tips and decreasing by 1798.8 cm3 in ecological volume. Of note, the
three colonies shown here vary in color, and the general hue of each coral
remains constant from year-to-year.

population of a brooding coral considering the high degree
of local recruitment associated with its life history (Harrison
and Wallace, 1990; Harii et al., 2002; Underwood et al., 2007;
Jones et al., 2009).

However, the integral projection model for the 2016–2017
time period projected a fairly substantial population decline
(λ < 1) that can be attributed largely to relatively high mortality

of the largest colonies during the preceding interval. Large
colonies contribute significantly to population growth because
they are more fecund and generally have a higher probability of
survival than smaller colonies [as described in Edmunds (2010)].

While the model’s projected population decline was strongly
influenced by the reduced survivorship of larger colonies in the
2016–2017 interval, we suspect that the loss of large colonies
in this interval was due to an unusual disturbance, and larger
colonies generally exhibit higher survivorship. The mortality of
larger colonies over 2016–2017 may be the result of one or more
of the following three possibilities. First, larger colonies, which
present greater projected area to flow and therefore experience
increased drag, may have been dislodged from the root due to a
wave action associated with passing storms. Alternatively, larger
colonies may simply grow too heavy to be supported by their
point of attachment on the root. This phenomenon, where large
corals are more likely to fall from mangrove roots or to cause the
root itself to snap, could be a general feature of mangrove coral
life histories, as it appears to be with mangrove sponges (Bingham
and Young, 1995). Third, larger (and presumably older) colonies
may generally be associated with older roots, which are more
likely to experience age-related degeneration or damage from
isopod borers or marine fungi (Ellison and Farnsworth, 1990).
However, despite the model’s projection of population decline
post 2017, our final survey in the mangroves revealed net
population growth of 1.5% from 2017 to 2018. Additionally, we
documented a change in the population size-frequency from 2017
to 2018 that is more indicative of a stable population, as medium-
sized and large colonies increased in frequency (Edmunds, 2010).
Of note, the individual growth trajectories depicted in Figure 5
reveal that the smallest recruits can achieve moderate size within
a single year, and moderate colonies can achieve large size within
a single year, indicating the potential to replace large colonies in
as little as 1–2 years.

In the population described here, recruitment contributed
the most to population growth (λ) and appeared critical to
population sustainability, e.g., in two of three study years, the
number of recruits exceeded 50% of the number of surviving
colonies. While there are no comparable studies of mangrove
coral populations available for comparison, demographic studies
on Caribbean corals in reef environments have not identified
such a prominent contribution by recruitment to the intrinsic
rate of population growth (Edmunds, 2010; Soto-Santiago et al.,
2017). However, given the high turnover rate observed in our
population, as well as the short life cycle and high fecundity of
brooding, weedy corals, we would expect recruitment to play a
more prominent role in maintaining populations. With respect to
larval recruitment, a critical unanswered question is the degree of
local recruitment and connectivity between mangroves and other
habitats. We can use the IPM to determine the percentage of local
recruitment necessary for the mangrove population to be self-
sustaining, (λ > 1). In 2015–2016, ≥68% local recruitment (95%
confidence interval: 51–89%) was necessary for the population
to be self-sustaining. During the 2016–2017 interval, when we
witnessed an unusual loss of large colonies from the population,
the model projected a population decline even with 100%
local recruitment.
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TABLE 2 | Best fit regression models for growth and survival.

Growth Period Parameter Estimate SE t-value P-value

2015–2016 (intercept) 2.372 0.201 11.82 0.000

Ecological volume 0.640 0.040 15.82 0.000

Survival

2015–2016 (intercept) 0.405 0.248 1.634 0.102

Ecological volume 0.203 0.062 3.256 0.001

2016–2017 (intercept) −0.364 0.311 −1.170 0.242

Ecological volume 0.557 0.165 3.372 0.0007

Ecological volume squared −0.057 0.019 −2.940 0.003

As a brooding coral, we would expect a high degree of
local recruitment (Harrison and Wallace, 1990; Harii et al.,
2002; Underwood et al., 2007; Jones et al., 2009) and episodic
recruitment throughout the year (Harii et al., 2002). In both
2016 and 2017, new recruits were located significantly closer
to resident colonies than expected based on random chance
(Figure 10). This clustered distribution is characteristic of local
recruitment in brooding coral species, where larvae commonly
settle within meters of parent colonies (Harii et al., 2002; Vermeij,
2005; Underwood et al., 2007), however this pattern could result
from environmental heterogeneity or from environmental cues
that promote settlement of recruits to the same areas as existing
colonies. The recruits identified in this study span a wide size
range, from 0.04 to 626.4 cm3, and from zero to 32 branch
tips. This is consistent with episodic recruitment throughout the
year, so that the new recruits that we identified in November-
December may represent a nearly 12-month range in age (Harii
et al., 2002). Alternatively, there could be a high degree of
micro-environmental variation within the mangroves so that
the potential for growth varies substantially among recruits
depending on the light, flow and turbidity where they settle
(Bengtsson et al., 2019). While there have been no published
studies on the size or age at first reproduction in P. divaricata,
a study of the closely related P. furcata found colonies with
three or more branches to be reproductive, suggesting the corals
in this study could become reproductive within their first year
(Schlöder and Guzman, 2008).

Just as the mangrove habitat may impact mortality differently
than other habitats, we expect it to impact recruitment differently
as well. For example, given that the substrate being utilized by
the corals in this study is physically isolated and suspended in
the water column, recruitment by asexual fragmentation is not
possible. Fragments that break off from existing colonies will fall
to the soft, flocculent sediment lying beneath the overhanging
mangrove roots, and we have observed no viable colonies living
on this substrate in 2014–2018, only the occasional dead or dying
colony. So, unlike the situation in reef habitats where P. divaricata
has been shown to undergo substantial propagation by colony
fragmentation (McDermond, 2014), we can assume that recruits
to the mangrove roots represent larval settlement.

While P. divaricata is not a major coral reef framework builder,
its widespread occurrence in both mangroves and reefs makes
it a good model system for investigating the importance of
mangrove populations in the broader habitat mosaic of corals.

P. divaricata has been recorded in every Caribbean mangrove
coral community studied to date (Rogers and Herlan, 2012;
Hernández-Fernández, 2015; Camp et al., 2016; Bengtsson et al.,
2019), and it is often accompanied by three other species in the
genus Porites: P. furcata and P. porites, which have a branching
habit similar to P. divaricata, as well as P. astreoides, which has
a mounding habit. These weedy, opportunistic corals are known
for their ability to colonize recently disturbed habitats (Darling
et al., 2012, 2013). A diverse collection of additional coral species
have also been documented in mangrove habitats, including
“stress tolerant” species like Siderastrea siderea, Colpophyllia
natans, Orbicella annularis, and Pseudodiploria strigosa, and
“generalist species” like Orbicella faveolata and O. franksi (Rogers
and Herlan, 2012; Hernández-Fernández, 2015; Camp et al.,
2016; Bengtsson et al., 2019). Going forward, it will be important
to distinguish between “mangrove corals” living (1) directly
attached to prop roots (Yates et al., 2014; Hernández-Fernández,
2015; Bengtsson et al., 2019), (2) on benthic substrates under
the mangrove canopy (Rogers and Herlan, 2012; Yates et al.,
2014; Rogers, 2017), or (3) in mangrove lagoons but not
under the canopy (Yates et al., 2014). As described above,
for mangrove root epibionts, asexual reproduction by fission
will be severely limited if not impossible, whereas this strategy
of asexual propagation is readily available to corals living on
benthic substrates under or adjacent to mangroves. The epibiont
may also face a limit on its size imposed by the lifespan of
the root and the increasing likelihood of falling off the root
at larger colony sizes. Furthermore, corals living under the
canopy, whether as mangrove epibionts or on benthic substrates
beneath the mangroves will experience extensive shading from
the canopy, where mangrove lagoon corals may never be
shaded by the canopy.

The research described here is the first longitudinal study
of a mangrove coral population to track location, survivorship,
health, growth, and recruitment of specific coral colonies over
time. By monitoring individual colonies, this study provides
insights that are not possible from a strictly cross-sectional
approach, and it enables the construction of population models
that project future trends. If we are to understand the extent to
which mangrove habitats may serve as ecological refugia and/or
resilience reservoirs for corals facing global climate change, it will
be important to (1) continue longitudinal studies on the handful
of already identified mangrove coral populations to understand
their longer-term population dynamics, (2) more thoroughly
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FIGURE 7 | Relationship between colony size and colony survival and growth.
(A) Black symbols relate colony size in 2015 to the probability of surviving to
2016 (0 or 1). Red symbols relate colony size in 2016 to the probability of
surviving to 2017. In 2015–2016, larger colonies exhibited higher survival
across the entire size range (black line with 95% confidence intervals depicted
in gray). In 2016–2017, colonies of an intermediate size exhibited the highest
survival (red line with 95% confidence intervals depicted in pink). (B) Black
symbols relate colony size in 2015 to colony size in 2016. Red symbols relate
colony size in 2016 to colony size in 2017. The dashed line represents unity.
The R function jitter was used to display overlapping data values (R Core
Team., 2018).

document the location, extent, and environmental features of
mangrove habitats that can support coral communities, (3) fully
characterize which coral taxa can effectively exploit mangroves
as habitat, (4) identify the phenotypic traits that allow these
corals to exploit mangroves, in addition to the genetic and
molecular basis of such traits, and (5) determine the extent
of connectivity between mangrove coral populations and non-
mangrove populations. The current study did not examine the
potential for larvae released in the mangrove to recruit to

FIGURE 8 | Population Density Distribution with Best-Fit Model Stable Size
Distribution. The best-fit model (lines) for the stable size distribution is shown
next to the empirical size distribution (bars) of P. divaricata for 2015 (A) and
2016 (B). The shading depicts 95% confidence intervals. This best-fit model
of the size distribution was incorporated into the IPM models for 2015–2016
and 2016–2017.

nearby reefs. We would expect a brooding coral to exhibit a
low potential for long-distance recruitment. However, a larval
period of up to 30 days has been reported in the closely related
brooding coral, P. furcata (Schlöder and Guzman, 2008). If
P. divaricata exhibits a similar maximum larval period, there
could be a high degree of connectivity between this mangrove
and nearby reefs, although the relative frequency of recruitment
across these habitats will need to be examined using genetic
data. This is not to say that recruitment from the mangrove
could, by itself, sustain nearby reefs, but it could represent an
important source of recruits, particularly in the event of a massive
die-off on the reef.

If mangroves are important to the survival of some coral
species, then the prognosis for coral-hosting mangrove forests
emerges as a critical question for coral conservation. As of
yet, the spatial extent, environmental health, and ecological
diversity of coral-hosting mangroves are not well known for
any region, but in recent decades, an increasing number of
studies have focused on the future of mangroves generally. In
the closing decades of the 20th century, the loss of mangroves
was so dire that experts pondered “a world without mangroves”
(Duke et al., 2007). Some 35% of the world’s mangrove forests
were estimated to have been lost (Valiela et al., 2001), with
much of the loss occurring between 1970 and 2005, mainly
from local anthropogenic impacts, specifically deforestation for
aquaculture, agriculture, and coastal development (Gilman et al.,
2008). More recently, the loss of mangroves has been slowed
or even reversed in some localities through a combination of
human-assisted restoration, natural re-colonization of deforested
areas, and more stringent legal protections (Friess et al., 2016,
2019). With respect to global climate change, a principal focus
of research is how mangroves will respond to sea level rise
(Feller et al., 2017). A recent review concluded that “more
accurate projections of mangrove resilience to sea-level are
required” (Friess et al., 2019), but the existing forecasts vary
depending upon local hydrodynamics and geomorphology. It
is generally thought that mangroves can adjust to moderate
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FIGURE 9 | Sensitivity and elasticity analyses. The sensitivity and elasticity of the integral projection model in 2015–2016 (A,B) and 2016–2017 (C,D) are plotted
relative to colony size. In all graphs, colony size was plotted as ln(ecological volume). As described in the methods, all recruits were assumed to enter the population
below the smallest size class [ln(ecological volume) < –4]. Areas on the plot exhibiting higher sensitivity and elasticity values, which indicates a greater contribution to
λ, are associated with recruits (indicated by arrows) and with individuals of larger sizes for both years.

FIGURE 10 | New recruits located adjacent to a resident colony. A representative photograph of a larger resident colony in 2016 (A) that was found the following
year (2017) with recruits that settled within inches of the branches (B).

changes in sea level through vertical building (i.e., accumulation
of refractory mangrove roots) where sedimentation exceeds
relative sea level rise, or by landward retreat where such
movements are not impeded by the coastline topography
or coastal development (McKee et al., 2007). The latter
would apply to coastal mangroves but not the mangroves
of an oceanic atoll such as Turneffe. Importantly, mangrove
degradation and the associated loss of ecosystem services
such as biodiversity support, could prove just as detrimental
for corals as a reduction in the areal extent of mangroves,
and this is an area where more study is urgently needed
(Friess et al., 2019).
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