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Spatial differences in recruit
density, survival, and size
structure prevent population
growth of stony coral
assemblages in southeast Florida
Nicholas P. Jones* and David S. Gilliam

Halmos College of Arts and Sciences, Nova Southeastern University, Dania Beach, FL, United States
The size structure of stony coral populations can reveal underlying demographic

barriers to population growth or recovery. Recent declines in coral cover from

acute disturbances are well documented, but few studies have assessed size

structure and the demographic processes that determine population growth.

Vital rates, such as recruitment and survival, vary spatially and temporally in

response to environmental conditions, in turn influencing assemblage

composition. The Southeast Florida Coral Reef Ecosystem Conservation Area

(Coral ECA) is a high-latitude reef system offshore of a heavily urbanized

coastline. Consecutive heat stress events, stony coral tissue loss disease

(SCTLD), and Hurricane Irma caused significant declines in stony coral cover

and density from 2014 to 2018. The recovery potential of stony coral

assemblages is influenced by their composition, the size structure of the

remnant populations, and population growth during inter-disturbance periods.

To assess the viability of the remaining stony coral assemblages in the Coral ECA,

we quantified variation in stony coral recruit density, abundance, size structure,

and assemblage composition across depth and latitude at permanent sites over 3

years (2019–2022) when no disturbances occurred. We found spatial decoupling

in recruit density, adult colony density, and cover that maintains a preponderance

of small colonies and skewed size structure. At sites close to shore where recruit

density was higher, there was limited evidence of survival and growth of recruits,

while at sites where large colonies were sampled or cover was relatively high,

there was limited recruitment. The majority (>75%) of recruits sampled were

Siderastrea siderea, but size frequency distributions were positively skewed and

the coefficient of variation was high, suggesting high recruit/juvenile colony

mortality and little growth into larger size classes. Porites astreoides size

structure was generally lognormal and mesokurtic, particularly closer to shore,

suggesting a transition between size classes. Skewness decreased moving

offshore in Montastraea cavernosa and S. siderea, suggesting a transition

between size classes. Recruit and adult diversity also increased moving
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offshore, but recruits of most species were uncommon throughout the study

area. We suggest that low recruitment and high mortality, particularly in small

colonies and inshore, even during inter-disturbance periods, limit the population

growth of stony coral assemblages in southeast Florida.
KEYWORDS

demographics, marginal reefs, Montastraea cavernosa, Porites astreoides, Siderastrea
siderea, size frequency distribution
Introduction

As coral reef communities continue to undergo declines in coral

cover (Gardner et al., 2003; De’ath et al., 2012; Hughes et al., 2018;

Jones et al., 2022), understanding demographic barriers to the

recovery and expansion of stony coral (order Scleractinian)

assemblages is key to assessing their viability (Dietzel et al., 2020;

Edmunds and Riegl, 2020). Vital rates, such as recruitment and

survival, drive changes in population growth and size structure

(Holbrook et al., 2018; Pisapia et al., 2020). These are influenced by

acute disturbances and chronic pressures, which can reduce

fecundity, impair growth, and drive mortality (Bellwood et al.,

2004; Baker et al., 2008; Carilli et al., 2009; De’ath et al., 2009;

Bauman et al., 2013). The size structure of populations can therefore

be used to infer the underlying impact of environmental pressures

on stony corals and their potential to persist (Pisapia et al., 2020).

Populations dominated by small colonies suggest high disturbance

frequency or chronic pressures constrain growth and survival

despite consistent recruitment (Bak and Meesters, 1998; Bauman

et al., 2013; Riegl et al., 2017). A preponderance of intermediate-

sized colonies may reflect pulses of recruitment (Riegl et al., 2018),

and a high ratio of large to small colonies may indicate an aging

population with limited recruitment (Bak and Meesters, 1999;

Miller et al., 2016; Riegl et al., 2018).

Spatial and taxonomic variations in stony coral demographics

may reflect differential resilience and influence assemblage

composition (Bak and Meesters, 1999; Bauman et al., 2013;

Holbrook et al., 2018; Edmunds and Riegl, 2020; Kramer et al.,

2020). In many regions, recent changes to assemblage composition

following disturbance have been exemplified by the loss of reef-

building species and relative increases in stress-tolerant species

(Bellwood et al., 2004; De Bakker et al., 2016; Hughes et al., 2019;

Jones et al., 2020). In the Pacific, high recruitment of fast-growing

species has driven recovery (Edmunds, 2018; Holbrook et al., 2018),

but recovery has been limited in the Caribbean (Gardner et al., 2005;

Hughes et al., 2017; Roff, 2021). This is often presumed to relate to

chronic anthropogenic pressures (Connell, 1997; Gardner et al., 2005;

Mumby, 2009), but there is growing recognition that spatial

disconnects between recruit sinks and locations where stony corals

survive and grow can also impair population growth and influence

assemblage composition (Miller et al., 2000; van Woesik et al., 2014;
02
Edmunds, 2021). These may lead to spatial differences in recruit

density, growth, and mortality, which can lead to positively skewed

(many small, but few large colonies; e.g., Bauman et al., 2013) where

recruitment is high but survival is low or negatively skewed (low

recruitment but high survival) size structure (Miller et al., 2000), both

of which can present a barrier to population growth (Pisapia et al.,

2020). As such, it is necessary to assess spatial variation in

recruitment, size structure, and assemblage composition to

determine the impact of environmental conditions and potential

demographic bottlenecks that may limit stony coral persistence.

The Southeast Florida Coral Reef Ecosystem Conservation Area

(Coral ECA) is a marginal reef system offshore of a heavily

urbanized coastline. The 170-km-long Coral ECA is located

toward the northern limit of stony coral distribution in the

western Atlantic (~27.1 N to 25.6 N). Historically, temperature

has limited stony coral population growth and diversity (Toth et al.,

2021), but increasing temperature under climate change may

precipitate more suitable conditions (Vergés et al., 2019).

However, with a human population of ~7 million and widespread

coastal construction, stony corals in the Coral ECA are also subject

to chronic anthropogenic pressures, which may limit population

growth (Jones and Gilliam, 2024). Over recent years, stony corals in

the Coral ECA experienced significant declines in cover and density

from thermal stress (2014 and 2015) and stony coral tissue loss

disease (SCTLD; prevalent from 2014 to 2017; Walton et al., 2018;

Jones et al., 2020; Hayes et al., 2022). Although there is evidence of

recovery in density during the inter-disturbance period that

followed this, when no thermal stress events or hurricanes

occurred and SCTLD prevalence was low (Jones and Gilliam,

2024), increases in coral cover have generally been very limited in

the Coral ECA (Jones et al., 2022), suggesting underlying barriers to

population growth (Bellwood et al., 2004; Edmunds and Elahi, 2007;

Hughes et al., 2011).

To assess the contemporary condition of stony coral

assemblages in southeast Florida and the potential for population

growth, we quantified variation in stony coral recruit density, size

structure, and assemblage composition across depth and latitude

over 3 years. We specifically tested for spatial, temporal, and

taxonomic differences in recruit density, adult density, cover, and

size structure to understand the viability of stony coral populations,

focusing predominantly on the three most abundant stony coral
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species, Montastraea cavernosa, Porites astreoides, and Siderastrea

siderea. Further, we explicitly tested the relationship between recruit

abundance and a) temporal change in adult colony abundance and

b) mean adult colony size to assess whether recruits were

contributing to population growth and whether there was spatial

variation in the location corals are recruiting and where colonies

appear to be persisting/growing (i.e., higher abundance of large

colonies). The expectation was that sites with higher recruit

abundance in year 1 would have increased adult colony

abundance in year 2, and at sites with low recruit abundance,

adult colony abundance would remain relatively unchanged.

Finally, spatial differences in stony coral recruit and adult

assemblage composition were analyzed.

Limited monitoring of the deep outer reef habitat in the Coral

ECA (~20–30 m in depth and farthest from shore) has previously

been conducted, with focus placed on the shallower nearshore/inner

(4–10 m), middle (11–16 m), and outer (16–18 m) reef habitats. All

four habitats, and three sub-regions divided by latitude, were

monitored in Broward County, Florida (26.34 N to 25.97 N)

between 2019 and 2022. Assessing spatial variation in the stony

coral assemblage across depth and latitude could provide insight into

whether locations offshore are buffered from anthropogenic pressures

(e.g., Glynn, 1996; Bongaerts et al., 2010), or those further north,

despite the relatively short distance, by temperature (Beger et al.,

2014). We predict that recruit density, size structure, and assemblage
Frontiers in Marine Science 03
composition will vary spatially in relation to anthropogenic pressures,

with stony coral health and diversity suspected to improve in deeper

habitats, further offshore. This will lead to increased diversity and less

skewed and mesokurtic size frequency distributions, which suggests

consistent recruitment, survival, and transition between size

classes, as has been seen in other anthropogenically impacted areas

(Mellin et al., 2019; Otaño-Cruz et al., 2019).
Materials and methods

Study sites

Scleractinian (stony coral) assemblages were monitored

annually for 3 years between 2019 and 2022 at 27 permanently

defined sites offshore Broward County, Florida (Figure 1). Sites were

spatially distributed between reef habitats and sub-regions. Habitats

varied with depth and distance offshore. The inner reef habitat,

275–780 m offshore at a depth range of 4–10 m, comprises the

nearshore ridge complex and linear inner reef. The middle reef

habitat is 770–2,000 m offshore at 11–16 m in depth. The outer reef

habitat is 1,500–3,000 m offshore at 16–18 m in depth. The deep

outer reef habitat was furthest offshore at the eastern edge of the

outer reef at 23–26 m in depth. Sites were also divided into three

sub-regions by latitude and by ports and inlets, as per Jones et al.
FIGURE 1

Map of study area and monitoring sites. Reef habitats run parallel from shore, inshore to offshore: inner reef (comprised of a nearshore ridge
complex and linear inner reef), middle reef, and outer reef (deep outer reef sites on the eastern edge of the outer reef). Divisions of the Deerfield
(north, six sites), Broward/Fort Lauderdale (central, 13 sites), and Hollywood/Miami (south, eight sites) sub-regions are identified by dashed lines
perpendicular to shoreline. Size of the site points corresponds to recruit density (colonies/m2). Inset map: study location marked with black box.
Study locations and spatial designations are in Supplementary Table 1.
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(2020). The Deerfield sub-region, furthest north, is between Boca

and Hillsboro inlets. The Broward/Fort Lauderdale sub-region is

between Hillsboro Inlet and Port Everglades. The Hollywood/

Miami sub-region is furthest south, between Port Everglades and

the Broward/Miami-Dade County line. Surveys on the inner,

middle, and outer reef habitats were conducted from late

September to December in each sample year. Surveys on the deep

outer reef habitat were conducted in March and April every year.
Data collection

Each site consisted of a single 20 m by 1.5 m belt transect,

defined by 40, 0.75 m2 quadrats (each quadrat measures 1 × 0.75

m). All stony coral colonies where a portion of live tissue was within

the belt transect were identified to species. If large colonies

overlapped multiple quadrats, the colony was recorded in the

quadrat with most live tissue. The maximum diameter,

perpendicular width, and height of every colony at least 2 cm in

diameter were measured to the closest centimeter, and percent

colony mortality was estimated. Live tissue length and width within

the quadrat were also measured on every colony in order to

calculate the percent live tissue cover on each transect (hereafter

referred to as cover). Recruits (defined here as colonies under 2 cm

in diameter) were identified to species and tallied. Recruit and adult

colony density was calculated for each 30-m2 site. Each coral species

was assigned to one of eight coral growth forms (arborescent,

corymbose, digitate, encrusting, laminar, massive, solitary, or

submassive) based on the Coral Trait Database (Madin et al.,

2016; Supplementary Table 2).
Data analysis

Spatial and temporal variations in stony coral recruit density,

adult density, cover, and mean colony diameter were statistically

assessed in RStudio (R Core Team, 2020). Generalized linear mixed

models (GLMMs) were developed using the package glmmTMB

(Brooks et al., 2017) to analyze each metric in relation to the Habitat

(Inner, Middle, Outer, or Deep outer reef), Sub-region (from north

to south Deerfield, Broward/Fort Lauderdale, or Hollywood/

Miami), and Survey year (year 1, year 2, or year 3). Five different

recruit density response variables were assessed: total recruit

abundance, the abundance of each of the three most abundant

species (M. cavernosa, P. astreoides, and S. siderea), and the

abundance of all other species. Poisson GLMMs were used for

each recruit response variable with an offset, survey area, to account

for any differences in survey area and to model the response variable

as density. A random intercept, Site, was included to account for

repeated surveys of the same site. Overdispersion was detected in

the model containing all species and S. siderea, and a negative

binomial GLMM was fitted. A single model was used for each total

adult stony coral density (negative binomial GLMM with survey

area offset) and cover (gamma distribution and log link). Full model

selection was performed from all potential candidate models, and

the fitted minimum adequate model was selected by the Akaike
Frontiers in Marine Science 04
information criterion (AIC). In the event of equivalent models (i.e.,

within an AIC score of 2; Burnham and Anderson, 2004), the more

complex model was selected. Model validation was performed using

the package “DHARMa”, with residual diagnostics, including

overdispersion, heterogeneity, and temporal autocorrelation,

conducted on the fitted model (Hartig 2017). Post-hoc, pairwise

assessment of retained factors in the fitted model was conducted

using the package “emmeans” and Tukey’s method, where

differences in the response variable were analyzed between levels

of a factor (e.g., Habitat) or interaction (e.g., Survey Year × Habitat)

based on model predictions (Lenth, 2019). Emmeans linear

contrasts were used to assess significant variation in levels of a

fixed effect against the mean value. For interactions between

categorical and continuous fixed effects (covariates), the

“emtrends” function was used to assess covariate trends between

levels of the categorical, fixed effect.

The change in adult colony abundance was calculated per site

for every year possible. This was visually compared to recruit

abundance the previous year (i.e., recruit abundance from survey

year 1 plotted against the change in adult colony abundance from

survey year 1 to survey year 2 and recruit abundance from year 2

plotted against the change in adult colony abundance from survey

year 2 to 3). The relationship between change in adult colony

abundance and recruit abundance precluded suitable modeling with

linear models. Recruit abundance was also analyzed in relation to

the mean adult colony diameter in the same year. To do this, a

Generalized Additive Mixed Model (GAMM) of recruit abundance

vs. mean colony diameter per site per year was fitted with a gamma

distribution, log link. This model was compared with a similar

model with the smoothing term mean colony diameter by survey

year fitted to see if the relationship was consistent across time.

Models were compared using AIC. Model validation indicated

no problems.

Size frequency distributions of the maximum colony diameter

were constructed for M. cavernosa, P. astreoides, S. siderea, and all

other species combined (termed non-target species). Recruit sizes

(colonies < 2 cm) were estimated along a continuous distribution

between 0.5 cm and 2 cm and incorporated into size frequency

distributions for analysis and visual assessment. Log10-transformed

size frequency distributions were compared between species and

within species by habitat and survey year using Kolmogorov–

Smirnov (KS) two-sample tests. The mean colony diameter (mean

of the colony diameter for each colony per site), log10-transformed

coefficient of variation [coefficient of variation (CV) = log10

(standard deviation)/log10(mean)], log10-transformed skewness,

and log10-transformed kurtosis were calculated per site per year.

Initial analysis of each variable using GLMMs indicated high site-

level variation (high conditional R2 and heterogeneity in residuals).

To assess the origins of site-level variation and whether it was

influenced by proximity to land-based anthropogenic pressures,

mean colony diameter, log10 CV, log10 skewness, and log10

kurtosis in the final survey year were analyzed in relation to

species, the distance of the site from the shoreline, and the depth

using GLMs. Mean length, CV, and kurtosis models were fitted with

a gamma distribution and log link, and the model for skewness was

fitted with a Gaussian distribution and identity link. Again, model
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selection was performed using the AIC from all possible

combinations, and model validation was conducted using

“DHARMa”. Model validation of the mean colony diameter GLM

indicated a lack of linearity of residuals and the presence of outliers.

A Generalized Additive Model (GAM), with a gamma distribution

and log link, was fitted using the package “mgcv”. The significance

of fitted factors in the minimum adequate model was assessed using

chi-squared ANOVA. Model validation was performed on the fitted

minimum adequate model using gam.check where fitted residuals

and fitted values were plotted against observed residuals and fitted

values, respectively, to assess the heterogeneity of residuals.

Multivariate analyses of spatial and temporal variations in

recruit and adult stony coral assemblage composition were

conducted in Primer 7 (Clarke and Gorley, 2006). Prior to the

generation of Bray–Curtis similarity coefficients, data were square

root transformed. Spatiotemporal variations in recruit stony coral

assemblage composition and adult stony coral assemblage

composition were statistically analyzed using Permutation

Analysis of Variance (PERMANOVA; Anderson, 2001; McArdle

and Anderson, 2001). Type 3 PERMANOVA based on 9,999

permutations of residuals under a reduced model was used with

sites in each survey year as samples. Similarity matrices were

assessed by the fixed factors: Survey year, Habitat, and Sub-

region. Multivariate results were considered significant at p <

0.05. The three-way interaction, Survey year × Habitat × Sub-

region, was pooled when analyzing recruit, and adult assemblage

composition after results suggested it accounted for minimal
Frontiers in Marine Science 05
variation. The interactions Survey Year × Habitat and Survey year

× Sub-region were also pooled for adult assemblage composition.

Similarity profile routine (SIMPROF) was used to identify

significant groups of samples (Clarke et al., 2008). For visual

assessment of similarity between habitats, sub-regions, or survey

years, threshold metric multidimensional scaling (tmMDS) plots

were created. Each sample in the tmMDS represents each site at

each time point, and the distance between samples depicts the

similarity in assemblage composition (i.e., the closer a sample, the

more similar the assemblage composition). SIMPROF groups were

overlayed, and the spatiotemporal differences were visually assessed

by plotting species vectors onto the tmMDS. Species richness,

Shannon–Weaver diversity index (H′), and Pielou’s evenness

index (J′) were calculated for each site, habitat, sub-region, and

survey year.
Results

Spatiotemporal variation in recruit density,
adult density, and cover

Recruit density was low at most sites (Figure 1), averaging 0.95

± 0.2 recruits/m2 (± SE) over all years. Recruit density varied

strongly by habitat, with a significant interaction between survey

year and sub-region (Table 1 and Supplementary Tables 3–6;

negative binomial GLMM, conditional R2 = 0.88, marginal R2 =
TABLE 1 Spatial and temporal variations in stony coral demographics and diversity.

Metric

Habitat Sub-region Survey year

Inner Middle Outer Deep Deerfield Broward Miami

1 2 3

2019/
20

2020/
21

2021/
22

Recruit Density (colonies/m2

± SE)
1.9
± 0.5

0.5 ± 0.1 0.5
± 0.1

0.3
± 0.1

0.4 ± 0.1 1.1 ± 0.3 1.1 ± 0.2 1.0 ± 0.3 1.2 ± 0.4 0.6 ± 0.1

Adult Density (colonies/m2 ± SE) 2.0
± 0.2

1.9 ± 0.1 2.8
± 0.3

2.4
± 0.7

2.3 ± 0.2 2.2 ± 0.1 2.2 ± 0.2 2.3 ± 0.2 2.2 ± 0.2 2.2 ± 0.2

Cover (% ± SE) 1.9
± 0.4

0.8 ± 0.1 1.3
± 0.2

3.1
± 0.4

1.4 ± 0.1 2.2 ± 0.3 1.4 ± 0.3 1.8 ± 0.3 1.8 ± 0.3 1.8 ± 0.3

Species richness 14 16 19 16 19 23 21 23 22 23

H′ 1.74 1.72 1.74 2.01 1.96 2.08 2 2.07 2.05 2.08

J′ 0.66 0.62 0.73 0.66 0.67 0.66 0.66 0.66 0.66 0.66

Mean diameter colonies ≥ 2 cm
(cm ± SE)

8.6
± 0.4

6.6 ± 0.2 7.1
± 0.1

10.8
± 0.3

7.4 ± 0.2 9.3 ± 0.3 7.4 ± 0.2 8.3 ± 0.3 8.1 ± 0.2 8.6 ± 0.2

Log10(Coefficient of variation) 127.20 71.65 61.12 55.27 60.23 90.06 90.27 84.97 93.89 73.98

Log10(Skewness) 0.94 −0.06 −0.26 −0.25 −0.15 0.38 0.21 0.30 0.30 0.08

Log10(Kurtosis) 3.82 3.01 2.77 2.94 2.99 2.80 2.32 2.81 2.56 2.76

Max diameter (cm) 170 90 50 97 65 170 50 170 170 130

Max height (cm) 80 40 24 48 30 80 32 80 80 45
fron
Habitats are listed from inshore to offshore. Sub-regions are listed North to South. Year of survey is listed with survey year. Species richness refers to both recruits and adult colonies. Shannon–
Weaver diversity index (H′) and Pielou’s evenness index (J′) refer to adult colonies only. Coefficient of variation, skewness, and kurtosis are log10 of the mean values by each spatial and temporal
factor for the entire stony coral assemblage.
tiersin.org

https://doi.org/10.3389/fmars.2024.1369286
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Jones and Gilliam 10.3389/fmars.2024.1369286
0.41). Recruit density was significantly higher on the inner reef than

the deep outer reef [Figure 2A; emmeans pairwise comparison with

Tukey’s test (Tukey’s pairwise), p = 0.009], with model predictions

suggesting that recruit density was twice the mean on the inner reef

and half the mean on the deep outer reef (linear contrasts, p < 0.05).

Recruit density was significantly higher than the mean in year 1 and

lower than the mean in year 3 (linear contrasts, p < 0.05). This was

largely driven by temporal variation within the central sub-region,

Broward, where recruit density was significantly higher in years 1

and 2 than in year 3 (Supplementary Figure 1; Tukey’s pairwise,

p < 0.0001). Adult colony density (negative binomial GLMM; R2 =

0.15; Supplementary Tables 7, 8) and cover (gamma GLMM;

conditional R2 = 0.96, marginal R2 = 0.27; Supplementary

Tables 9, 10) also varied most strongly by habitat (Figures 2B, C).

In comparison to recruit density, cover was significantly higher on

the deep outer reef than on the middle reef (Tukey’s pairwise,

p = 0.01) and marginally higher on the deep outer reef than on the

inner reef (Tukey’s pairwise, p = 0.08). Model predictions found

that cover was twice the mean on the deep outer reef (linear

contrasts, p = 0.01). Cover did not vary significantly by sub-

region or by survey year. Adult density was the highest on the

outer reef (2.8 colonies/m2), but no significant differences between

habitats, sub-regions, or survey years were found, with the fitted

model suggesting most variation was at the site level. Model

validation of the final fitted models indicated no problems.

We sampled 2,177 stony coral recruits from 18 species (<2 cm

in diameter). Despite the influx of recruits (731 in year 1, 938 in year
Frontiers in Marine Science 06
2, and 508 in year 3), the total number of adult colonies sampled,

which included 24 species, declined each year (1,845 in year 1, 1,814

in year 2, and 1,749 in year 3). There was no clear relationship

between recruit abundance and the change in adult colony

abundance (Figure 3A), and at many sites, declines in adult

colony abundance followed higher recruit density (Supplementary

Figure 3). This was most obvious at POMP4, where despite the

influx of 337 recruits in 2020, adult colony density declined by 15%

from 2020 to 2021 and recruit density by 76%. There was a

significant relationship between recruit abundance and mean

adult colony diameter (GAMM, edf = 3.5, f = 6.89, p < 0.001;

R2 =0.30), with recruit abundance declining with mean adult colony

diameter (Figure 3B). The same relationship was consistent between

survey years. Sites with larger colonies (i.e., above the average

mean colony diameter of 8.6 cm) generally had low recruitment

(10.7 recruits per site per year), while sites with smaller

colonies (<8.6 cm) averaged over three times as many recruits per

year (34.9 recruits per site per year).
Taxonomic variation in recruit density

Three-quarters of recruits were S. siderea, with recruit

density varying by habitat and with a significant interaction

between sub-region and survey year (negative binomial GLMM,

conditional R2 = 0.89, marginal R2 = 0.50; Supplementary

Tables 16–21). S. siderea recruit density was three times higher
A

B

C

FIGURE 2

Spatial variation in (A) recruit density, (B) adult colony density, and (C) cover, based on reef habitat. Values are averaged over years. Lower case
letters represent significant differences between post-hoc Tukey pairwise analysis of GLMMs. Significance is at p < 0.05.
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on the inner reef than elsewhere (linear contrast, p = 0.001;

Figure 4A), where it was significantly higher than the outer and

deep outer reefs (Tukey’s pairwise, p < 0.05). S. siderea recruit

density in years 1 and 2 was significantly higher than in year 3 in

Broward (Tukey’s pairwise, p < 0.05). M. cavernosa recruit density
Frontiers in Marine Science 07
varied most strongly by sub-region and year (Poisson GLMM,

conditional R2 = 0.10, marginal R2 = 0.04; Supplementary

Tables 11–14). M. cavernosa recruit density was significantly

higher than the mean in year 1 (linear contrasts, p < 0.05) and

higher in year 1 than in year 3 (linear contrasts, p < 0.05). M.
A B

FIGURE 4

Spatial and temporal variations in size frequency distributions using (A) untransformed and (B) log10-transformed maximum colony diameter
separated by target species. Panels from top to bottom: MCAV, Montastraea cavernosa; PAST, Porites astreoides; SSID, Siderastrea siderea; Non-
Target, all other species. Panels from left to right moving offshore: nearshore ridge/inner reef, middle reef, outer reef, and deep outer reef. Within
each panel, histograms are separated by survey year. Frequency estimated by kernel density estimate, which uses kernel smoothing (the weighted
average of the observed data) for probability density estimation (using a smoothed histogram) for each species/habitat combination. See
Supplementary Table 25 for observed density per species in each habitat in each survey year. Vertical dashed line in panel (A) marks 10 cm
maximum diameter and the approximate size at puberty in M. cavernosa, P. astreoides, and S. siderea (Soong, 1993) and highlights the low
frequency of few mid-sized or large colonies. Solid vertical line within histograms represents the mean size per species, per habitat, and per year.
Note that in panel (A), maximum colony diameter was limited to 100 cm for graphical display due to paucity of larger colonies.
A B

FIGURE 3

Relationship between recruit abundance in year x and (A) change in adult (≥2 cm maximum diameter) colony abundance from x to x + 1 (i.e.,
absolute change from year 1 to year 2 is plotted against recruit abundance in year 1) and (B) mean adult colony diameter in year x. Each point
represents a sample (site surveyed in 1 year). Tick marks on axis represent sample positions and are color-coded by habitat. Dashed line in panel A is
at 0 and represents no change in colony abundance. Samples above the dashed line represent influx of recruits into the adult assemblage, with
samples below having a loss of adult colonies. Note the large discrepancy between the scale of recruit abundance and change in adult
colony abundance.
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cavernosa recruit density was higher in the Miami sub-region than

in Broward (Tukey’s pairwise, p < 0.05; Supplementary Figure 2A).

P. astreoides recruit density was fairly consistent over time and

space and did not vary significantly by any spatial or temporal

factor (Poisson GLMM; conditional R2 of the null model = 0.28,

Figure 4A; Supplementary Table 15). All other recruit species,

except for Porites porites on the inner reef, were generally rare

and were grouped together as non-target species for analysis. Non-

target recruit density varied most strongly by sub-region (Poisson

GLMM, conditional R2 = 0.30, marginal R2 = 0.15; Supplementary

Tables 22, 23). A latitudinal gradient was evident, with significantly

higher non-target recruit density in Miami than in Deerfield

(Tukey’s pairwise, p < 0.05; Supplementary Figure 2A).
Size structure

Untransformed size frequency distributions were skewed for all

species, and most colonies were smaller than 10 cm maximum

diameter (Figure 4A). M. cavernosa and P. astreoides log10-

transformed size frequency distributions did not change over time

(KS, D < 0.1, p > 0.05). Spatial variation in log10-transformed size

frequency distribution was therefore analyzed in year 3 for each

species. M. cavernosa size frequency distribution on the nearshore/

inner reef, where the largest colonies were found (Table 1),

significantly differed from that on all other habitats (KS, D = 0.29

to 0.30, p < 0.01), with a noticeable bimodal distribution, dearth of

intermediate-sized colonies, and a high coefficient of variation

(Figure 4B). M. cavernosa size frequency distributions on the

deep outer reef were also significantly different from those on all

other habitats (KS, D = 0.23 to 0.25, p < 0.01), with a lognormal

distribution (KS, D = 0.05, p > 0.05). The coefficient of variation was

high in all habitats (>65), and kurtosis was very low on the inner

reef (1.7). In survey year 3,M. cavernosa size frequency distribution

was significantly different from all other species (KS, D > 0.24,

p < 0.0001).

P. astreoides size frequency distribution did not significantly

vary between the inner, middle, or outer reefs (KS, p > 0.05;

Figure 4B) and was the most mesokurtic of all species. Despite

this, most colonies were below 10 cm in diameter (Figure 4A). Log-

transformed size frequency distributions were significantly different

on the deep outer reef to the inner reef (KS, p < 0.05), with the

largest mean size (10.7 cm) and most negative skew (−0.6) on the

deep outer reef. P. astreoides size frequency distribution was

significantly different from S. siderea every year (KS, D > 0.4,

p < 0.0001) and from non-target species in year 1 (KS, D = 0.1,

p = 0.01), but not in year 3 (KS, D = 0.08, p > 0.05).

S. siderea size frequency distribution changed significantly every

year (KS, D > 0.08, p < 0.001; Figure 4). Recruit density was the

highest in year 1 and declined over time, leading to a lower

coefficient of variation, skewness, and kurtosis (Figure 4B). Every

year, the size frequency distribution on the inner reef was

significantly different from that on all other habitats (KS, D > 0.3,

p < 0.0001), with the bulk of colonies recruits or very small adult

colonies. Skewness, kurtosis, and coefficient of variation declined

substantially moving offshore in S. siderea, with the size frequency
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distribution on the deep outer reef also significantly different from

that on the middle reef in years 1 and 2 (KS, D = 0.19, p < 0.05).

Non-target size frequency distribution was significantly

different between year 1 (2019/20) and year 3 (2021/22; KS, D =

0.09, p < 0.05), with evidence that recruits and small colonies from

year 1 were growing into larger size classes by year 3, resulting in an

increase in mean colony diameter (Figure 4B). Non-target size

frequency distribution in both years (1 and 3) was significantly

different on the deep outer reef than in all other habitats (KS, D >

0.16, p < 0.05). Non-target species mean colony diameter was the

highest on the deep outer reef, and log-transformed size frequency

distributions were mesokurtic on the inner, outer, and deep outer

reefs. S. siderea and the non-target species size frequency

distributions were significantly different every year (KS, D > 0.34,

p < 0.0001).

Colony diameter varied spatially by species (chi-squared

ANOVA of GAM, p < 0.001), with mean M. cavernosa colony

diameter varying significantly with distance from shore (chi-

squared ANOVA of GAM, p < 0.001), with P. astreoides, S.

siderea, and non-target species being consistent (Supplementary

Figure 4; GAM, R2 = 0.675). M. cavernosa colony diameter was

twice as high as the mean approximately 500 m from shore,

declined to ~1,000 m, and then steadily increased (Supplementary

Figure 4A). Log10-transformed CV varied by species and declined

significantly with depth (t = −2.4, p = 0.02; GLM, R2 = 0.32). M.

cavernosa CV was estimated to be 1.4 times greater than the non-

target species (Tukey’s pairwise, t = 3.3, p = 0.008); P. astreoides CV

was 60% of that in S. siderea (Tukey’s pairwise, t = −3.5, p = 0.004)

and S. siderea CV, which was significantly higher than the mean

(linear contrasts, z = 4.8, p < 0.0001) and was nearly double that of

the non-target species (t = 5.8, p < 0.0001; Supplementary Figure 5).

Log10-transformed skewness varied by species and had a significant

interaction between species and depth (GLM, R2 = 0.20;

Supplementary Figure 6). S. siderea skewness declined

significantly with depth, with an estimated decline in the

skewness of 0.05 m−1 (linear trends, p < 0.05). M. cavernosa

skewness had a slightly declining trend (linear contrasts, p <

0.05). P. astreoides and non-target species had marginal

increasing trends in skewness moving offshore (linear contrasts, p

< 0.05). Log10-transformed kurtosis varied by species but did not

vary by depth or distance from shore, although this only accounted

for a small amount of the variation, and kurtosis was similar across

all species (R2 = 0.11, Supplementary Figure 8). P. astreoides

kurtosis was marginally lower than the non-target species

(Tukey’s pairwise, t = −2.56, p = 0.06).
Assemblage composition

Recruit assemblage composition significantly varied by habitat

(PERMANOVA, Pseudo-f = 6.85, p = 0.0001) with a significant

interaction between habitat and sub-region (Pseudo-f = 1.78, p =

0.02), but did not vary temporally. Recruit assemblage composition

varied significantly between all habitats except the middle and outer

reefs (p < 0.01, Supplementary Table 24). Inner reef sites had higher

relative S. siderea and P. porites recruit density and low diversity and
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evenness (H′ = 0.6; J′ = 0.2; Figure 5). Recruit diversity and evenness

increased moving offshore and were highest on the deep outer reef

(H′ = 1.5; J′ = 0.7). Recruit assemblage composition did not

significantly vary between sub-regions on inner or deep outer

reefs, but recruitment in the northernmost sub-region (Deerfield)

was significantly different from that in the central sub-region

(Broward) on the middle reef (t = 2.1, p = 0.008), and the recruit

assemblage in Broward and the southernmost sub-region (Miami)

varied on the outer reef (t = 2.1, p = 0.02). The middle reef in

Deerfield had twice as many recruits (primarily S. siderea and

Stephanocoenia intersepta) as the middle reef in Broward. The

outer reef in Miami had three times as many M. cavernosa

recruits as the outer reef in Broward. SIMPROF analysis found

that recruit assemblage composition split into two groups (Pi = 0.73,

p = 0.02; Figure 5). One group was made up of two low-cover sites

within 500 m of the shoreline, HH2 and POMP4, which had twice

as many S. siderea recruits than at any other site. The other group

contained all other samples and was comparatively diverse. No

recruits with arborescent or corymbose morphologies were found.

Two sites had recruits with laminar morphologies, and only one

Orbicella sp. recruit was found (Supplementary Figure 8).

Adult stony coral assemblage composition also varied strongly

by habitat (PERMANOVA, Pseudo-f = 20.1, p = 0.0001), with a

significant interaction between habitat and sub-region (Pseudo-f =

1.7, p = 0.02). Assemblage composition significantly varied between

every habitat (Supplementary Table 24), with a depth-based

gradient of species distribution and relative abundance (Figure 6).

Inner reef sites were dominated by S. siderea and P. porites, with

higher relative Solenastrea bournoni density. A clear depth-based

split between shallow and deeper sites from P. porites to Madracis

decactis as the only digitate coral was seen (Supplementary

Figure 9). Diversity (H′) and evenness (J′) were highest on the
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deep outer reef and the lowest on the middle reef. No species

representing corymbose, laminar, or solitary morphologies were

found at inner reef sites. The single arborescent species, Acropora

cervicornis, was only found on the inner reef at two of nine sites.

Assemblage composition on the inner or outer reefs did not vary

significantly by sub-region (p > 0.05). Assemblage composition in

the northernmost sub-region (Deerfield) was significantly different

from that in both sub-regions to the south on the middle reef

(Broward, t = 2.3 p = 0.006; Miami, t = 2.6, p < 0.01) with lower

species richness, evenness, and diversity. Assemblage composition

in Deerfield was also significantly different from that in Broward on

the deep outer reef (t = 2.0, p = 0.04), with lower species richness

and density, but higher evenness. Sites generally clustered together

or clustered with the closest site in the same habitat into significant

SIMPROF groups (Pi = 4.9, p = 0.001).
Discussion

In this study, we identified a spatial disconnect between stony

coral recruit density, adult colony density, size structure, and cover

that suggests a bottleneck to population growth in southeast Florida

(Miller et al., 2000; Edmunds, 2021). Recruitment was four times

higher inshore, while adult colony density, diversity, mean colony

size, and cover were all higher offshore. At sites with higher recruit

density, there were frequently subsequent declines in adult colony

density, and inshore size frequency distributions were heavily

positively skewed, providing limited evidence of recruit survival or

growth into larger size classes. Conversely, where larger colonies were

more common, there was limited recruitment, particularly in species

that contributed most strongly to cover. As a result, there is a

preponderance of small colonies and heavily skewed size frequency
FIGURE 5

Threshold metric multidimensional scaling plot of recruit assemblage composition. Each sample represents the assemblage composition at one site
during one survey year. Red circles symbolize significant groups identified by SIMPROF. Vectors represent coral species. Labels comprise the first
letter of the genus and the first three letters of the species (Supplementary Table 2). SIMPROF, similarity profile routine.
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distributions in the Coral ECA that suggests high colony mortality,

potentially from environmental pressure (Bauman et al., 2013;

Anderson and Pratchett, 2014; Riegl et al., 2017).

We hypothesized that depth and distance from shore may have

provided some refugia to stony corals on the deep outer reef during

thermal stress, disease, and Hurricane Irma from 2014 to 2018 (e.g.,

Sturm et al., 2022). On the deep outer reef, farthest from

anthropogenic stress, stony coral cover was the highest, and adult

density and diversity were relatively high, but recruit density was

low. Conversely, recruit density, particularly S. siderea, was higher

inshore, but size frequency distributions were generally heavily

positively skewed, suggesting high mortality. Size structure was

more evenly spread in each species on the outer reef or deep outer

reef, and skewness had declining trends with depth inM. cavernosa

and S. siderea, suggesting that recruits do grow into larger size

classes (Anderson and Pratchett, 2014; Kramer et al., 2020).

Further, species richness and the number of coral growth forms

increased with depth and distance from shore, with a noticeable

increase in the relative abundance of species with massive and

laminar morphologies (Kramer et al., 2020). However, these were

uncommon as recruits, with encrusting, digitate, and submassive

species, which did not substantially contribute to cover, more

common as recruits. These results suggest that, as predicted, the

deep outer reef habitat, the deepest and farthest from the extensively

urbanized shoreline, is the least disturbed.

Historically, M. cavernosa is the dominant hermatypic species

in the Coral ECA, with a high density of larger colonies (>50 cm)

just north of Port Everglades on the inner reef in the Broward sub-

region (Moyer et al., 2003). Despite being heavily impacted by

SCTLD from 2014 to 2017 (Walton et al., 2018), there was still a

relatively high abundance of large M. cavernosa colonies here, but

very few recruits reflecting an aging population. M. cavernosa

recruit density was comparatively high at southern inshore sites
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where large adults were sporadic. As a result, M. cavernosa had a

bimodal size structure on the inner reef and a high coefficient of

variation with a latitudinal divide between recruit and adult colony

density. The presence of large colonies inshore highlights the

enhanced ability of M. cavernosa to effectively remove sediment

(Loya, 1976), which may reduce partial mortality (Jones and

Gilliam, 2024) and has often been assumed to enable them to

survive and grow faster in inshore conditions (Goodbody-Gringley

et al., 2015). Whether limited recruitment is due to a lack of larval

supply, potentially because recent thermal stress and disease have

caused fecundity to decline (Hughes et al., 2019), reduced

settlement or high post-settlement mortality requires further

study (Doropoulos et al., 2016; Price et al., 2019; Edmunds, 2021).

Regardless of the demographic mechanism, recovery of the M.

cavernosa inner reef population will be limited without sufficient

recruitment (Holbrook et al., 2018; Pisapia et al., 2020).

Recruit density was 500% higher on the inner reef than on the

deep outer reef, predominately due to S. siderea, which represented

three-quarters of the 2,177 recruits sampled. Harper et al. (2023)

found exceptionally high S. siderea recruitment in the Coral ECA

and Florida Keys in 2018 and the recruits sampled here in 2019 and

2020 may be related to the same mass recruitment event. Despite

high recruitment in years 1 and 2 (1.8 ± 0.9 recruits/m2 and 2.3 ±

1.2 recruits/m2; ± SE), there was little survival or growth into larger

size classes, and cover did not change over the study as seen in the

Florida Keys (van Woesik et al., 2014). S. siderea is considered

stress-tolerant (Darling et al., 2012) and regularly forms large

colonies on inshore reefs in the Florida Keys (Lirman and Fong,

2007). However, on the Coral ECA inner reef, the size structure was

heavily positively skewed, indicative of a highly disturbed habitat

with high mortality and slow growth rate (Miller et al., 2000;

Bauman et al., 2013; Kramer et al., 2020; Pisapia et al., 2020;

Jones et al., 2023). Nowhere was this more evident than at the
FIGURE 6

Threshold metric multidimensional scaling plot of adult coral assemblage composition. Each sample represents the assemblage composition at one
site during one survey year. Red circles symbolize significant groups identified by SIMPROF. Vectors represent coral species. Labels comprise the first
letter of the genus and the first three letters of the species (Supplementary Table 2). SIMPROF, similarity profile routine.
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two sites with the highest recruit density, HH2 and POMP4, where

S. siderea accounted for 99% of recruits. Following the highest

recruitment event, 337 recruits at POMP4 in 2020, adult colony

abundance declined by 15% and recruit abundance by 76%. With

no major disturbance event in the study period, this highlights the

chronic environmental pressure the stony coral assemblage is under

in the Coral ECA (Jones et al., 2022), which includes large

fluctuations in temperature (Jones et al., 2020), nutrient

enrichment, and sedimentation (Jones and Gilliam, 2024). S.

siderea size structure was more normally distributed at middle,

outer, and deep outer reef sites where temperatures tend to be more

stable and turbidity is lower (Jones and Gilliam, 2024).

P. astreoides had a comparatively lognormal size structure, and

recruit density was uniform over time and space. An encrusting,

generalist, brooding species, P. astreoides, is thermally tolerant and

has been increasing in cover in the Coral ECA over the last 15 years

(Jones et al., 2020), largely due to the proliferation of a few successful

genotypes through sexual reproduction and clonality (Shilling et al.,

2023). Jones et al. (2023) found high partial mortality in P. astreoides,

which may prevent growth into larger size classes and explain the high

frequency of small (5–10 cm) colonies. Despite this, P. astreoides was

the only species where no spatial decoupling between recruit and adult

density was evident, suggesting that the population is comparatively

healthy and that recruitment is consistent (Harper et al., 2023).

Skewness did decline moving offshore, as mean colony size

increased, likely due to a slight change in growth form to a plating

morphology at the deepest sites. As frequently suggested (Toth et al.,

2019; Jones et al., 2020), this provides further evidence that P. astreoides

will continue to be a dominant part of the stony coral assemblage.

Recruit density was generally low, averaging 0.95 ± 0.2 recruits/

m2 (± SE). Similar recruit densities have been recorded using similar

survey methods in Biscayne National Park (Miller et al., 2000) and

the Florida Keys (Chiappone and Sullivan, 1996), but recruit density

at most sites in the Coral ECA was substantially lower than

recorded elsewhere in the Caribbean. Edmunds et al. (2004)

recorded ~8 recruits/m2 in the Florida Keys, while Williams et al.

(2017) recorded ~8 recruits/m2 in Antigua and ~18 recruits/m2 in

Barbados, although all of these surveys counted all colonies below 4

cm in diameter. Only S. siderea recruit density at one inner reef site

(POMP4) was comparable (7.4 ± 2.5 recruits/m2), with most other

sites having an order of magnitude less. The measure of recruitment

used in this study, identifying colonies under 2 cm in diameter using

0.75-m2 quadrats, was designed to quantify settlement success, to

only capture recruits once during the study period, and to provide

an ecologically relevant way to assess recruitment success (Miller

et al., 2000; Price et al., 2019). This is particularly pertinent on reefs

with high epilithic algal matrix (EAM) and macroalgal cover, like

the Coral ECA (Jones et al., 2020, 2022), where as few as 1% of

newly settled corals may survive (Doropoulos et al., 2016). Our

findings, high colony turnover, large coefficient of variation, and

positive skew, provide an indication of high mortality in recruits

and juveniles that do settle, which presents a substantial barrier to

population growth on these marginal reefs that experience high

disturbance frequency (Jones et al., 2022).

Diversity was low at most sites, particularly within the recruits,

with multiple growth forms absent in each habitat. Eighteen species
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representing six growth forms were sampled as recruits; however,

only M. cavernosa, P. astreoides, S. siderea, and S. intersepta were

found at over 50% of sites, with most other species rare. Many

species heavily impacted by SCTLD were sampled as recruits

(Supplementary Figure 8), but low recruit diversity at many sites

may reflect an Allee effect for some species, with few adult

conspecifics within close proximity following the loss of many

colonies of reproductive size from disease (Walton et al., 2018).

Twenty-four species were sampled as adults, representing eight

growth forms, with M. cavernosa, P. astreoides, S. siderea, and S.

intersepta again most abundant. A slight latitudinal and inshore to

offshore gradient in stony coral diversity were found. Shannon

diversity and species richness were lower in the northernmost sub-

region, Deerfield, which lacked the only arborescent species, A.

cervicornis. Despite the small latitudinal difference, mean annual

water temperatures were generally lower in Deerfield (Jones and

Gilliam, 2024), and reduced recruit and adult diversity did suggest

that the distance is still sufficient for the environmental conditions

to be unsuitable for some stony coral species. Diversity was the

highest in the outer and deep outer reef habitats and the lowest in

the inner reef, as seen in other locations with inshore sediment

stress (Otaño-Cruz et al., 2019).

Following significant declines in cover and density from

thermal stress, SCTLD, and Hurricane Irma from 2014 to 2018

(Walton et al., 2018; Jones et al., 2020; Hayes et al., 2022), there was

evidence of stony coral recovery during the 2018 to 2021 inter-

disturbance period with substantial recruitment (Jones and Gilliam,

2024) and faster growth rate of M. cavernosa (Jones et al., 2023).

Here, we found little evidence that recruits consistently grow into

larger size classes, which, particularly on the inner reef, maintains

positively skewed coral populations dominated by small colonies

below presumed reproductive size (Soong, 1993), indicative of

highly disturbed or marginal locations (Bauman et al., 2013;

Anderson and Pratchett, 2014; Pisapia et al., 2020). In addition to

limited recruitment, our findings suggest the loss of smaller colonies

despite the study taking place during an inter-disturbance period

when the water temperature was relatively stable and no major

acute disturbances were recorded. Temperature constraints are

frequently suggested to reduce stony coral health on high-latitude,

marginal reefs (Schoepf et al., 2023) and limit reef accretion in the

Coral ECA (Toth et al., 2021), with local chronic pressures further

hindering recovery potential (Jones and Gilliam, 2024). Our results

suggest that anthropogenic pressures influence stony coral viability,

with M. cavernosa and particularly S. siderea size frequency

distributions less skewed at deeper, offshore sites. They also

suggest that spatial decoupling in M. cavernosa and S. siderea

recruitment, size structure, and survival may present a substantial

barrier to population growth.
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