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Ranking 67 Florida Reefs for Survival
of Acropora cervicornis Outplants

Raymond B. Banister and Robert van Woesik*

Institute for Global Ecology, Florida Institute of Technology, Melbourne, FL, United States

Over the past three decades, coral populations have declined across the tropical and
subtropical oceans because of thermal stress, coral diseases, and pollution. Restoration
programs are currently attempting to re-establish depauperate coral populations along
the Florida reef tract. We took an integrated Bayesian approach to determine which
Florida reefs ranked highest based on the survival of outplanted colonies of Acropora
cervicornis from 2012 to 2018. Survival of A. cervicornis outplants was highly variable in
the upper Florida Keys with some reefs showing the highest likelihood of survival (e.g.,
North Dry Rocks, Carysfort, Key Largo Dry Rocks, and Conch Reef), whereas some
adjacent reefs showed the lowest likelihood of survival (e.g., an Unnamed Reef, Pickles
Reef, and U47 Patch Reef). Similarly, survival was highly variable in the middle and lower
Florida Keys and in the Broward-Miami subregions. Survival was high and less variable
in Biscayne Bay and low and less variable in the Marquesas subregions. The reefs that
ranked lowest for outplant survival were exposed to high wave energy. Partitioning out
the spatial effects of reefs and subregions from the model, we detected spatial latent
effects of low survival that were most evident in the middle and the upper Florida Keys,
particularly between 2015 and 2017. The overall high spatial and temporal variability
in survival among adjacent reefs highlights a need to outplant nursery-reared colonies
strategically, in order to optimize coral-population recovery efforts in Florida.

Keywords: coral, restoration, outplants, survival, Acropora cervicornis, Florida reef tract

INTRODUCTION

Coral populations have declined globally in the past three decades (Hoegh-Guldberg et al., 2007;
Edwards and Gomez, 2007; Hughes et al., 2018; Lough et al., 2018). Two acroporid species, Acropora
cervicornis and Acropora palmata, which previously dominated the Caribbean, and were major
reef builders through millennia (Agassiz, 1885; Vaughan, 1919; Goldberg, 1973; Marszalek et al.,
1977; Precht and Miller, 2007), have experienced some of the largest declines. Diseases and thermal
anomalies have been the main causes of coral population declines in the Caribbean (Porter and
Meier, 1992; Aronson and Precht, 2001; Toth et al., 2014; Precht et al., 2016; Walton et al., 2018).
A major outbreak of white-band disease in the 1970s caused a 95% decline in Caribbean acroporids
(Aronson and Precht, 2001; Miller et al., 2002; Gardner et al., 2003). Since then, A. cervicornis
and A. palmata have been listed as “threatened” under the US Endangered Species Act in 2006
(National Marine Fisheries Service, 2006) and “critically endangered” on the World Conservation
Union (IUCN) Red List in 2008 (Aronson et al., 2008). Coral restoration efforts are now attempting
to restore acroporid populations along the Florida reef tract.

Frontiers in Marine Science | www.frontiersin.org 1

July 2021 | Volume 8 | Article 672574


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://doi.org/10.3389/fmars.2021.672574
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmars.2021.672574
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2021.672574&domain=pdf&date_stamp=2021-07-07
https://www.frontiersin.org/articles/10.3389/fmars.2021.672574/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Banister and van Woesik

Ranking Florida’s Reefs for Restoration

Reef-restoration programs first appeared in Florida and the
wider Caribbean in the 1990s. Acropora species have been
targeted in recent restoration efforts because of their: (i)
threatened status (National Marine Fisheries Service, 2006), (ii)
low recruitment rates (van Woesik et al, 2014), (iii) rapid
growth rates (Tunnicliffe, 1981), (iv) importance in reef-building
framework (Jackson, 1992), and (v) reproductive strategies
through fragmentation (Highsmith, 1982). These factors make
acroporids ideal candidates for coral restoration programs.
However, restoration through propagation and outplanting
techniques alone will not be enough if the benchmarks set by the
Paris Agreement are not met (Hoegh-Guldberg et al., 2014).

Restoration techniques primarily rely on either securing corals
that have been naturally fragmented (Bruckner and Bruckner,
2001), rescuing and relocating colonies from habitats threatened
by local stressors (Gayle et al., 2005; Seguin et al., 2010; Young
et al., 2012), or outplanting nursery-based corals (Ware et al.,
2020). Most recent efforts have focused on outplanting nursery-
reared corals and these methods are evolving rapidly (Edwards
and Gomez, 2007; Rinkevich, 2014; Forsman, 2015; Page et al,,
2015) and include both land-based and marine programs
(Rinkevich, 1995; Oren and Benayahu, 1997; van Treeck and
Schuhmacher, 1999). Coral-restoration practitioners are also
attempting to identify coral genotypes that are most tolerant
to disease and thermal stress (Baums et al., 2019), essentially
accelerating natural selection, with the goal of using those robust
individuals to repopulate reefs (van Oppen and Gates, 2006;
Baums, 2008; van Oppen et al., 2015; Pausch et al., 2018).

One of the more difficult hurdles of coral restoration, however,
is developing models that can accurately predict optimal localities
for coral outplanting at a variety of spatial scales (Wirt et al,
2013; van Woesik et al., 2020a). Such models aim to determine
which subregions (at the 100-km scale), reefs (at the 10-km
scale), or habitats (at the 0.1-1-km scale) are most favorable for
Acropora survival along the Florida reef tract. Indeed, there is
an urgent need for hierarchical models that inform restoration
practitioners and managers which coral species to outplant, and
where to outplant them, at a range of spatial scales along the
Florida reef tract.

There are, however, some analytical barriers preventing
accurate predictions, primarily because acroporids along the
Florida reef tract are scarce. Most models that estimate the
spatial distribution of Acropora species in Florida have had
high specificity (i.e., skilled at predicting true negatives) but
low sensitivity (i.e., not skilled at predicting true positives)
(van Woesik et al, 2020b). In other words, regional models
have a low accuracy of predicting where an acroporid species
is likely to occur because the frequency and intensity of
recent disturbances makes that niche space highly dynamic
and unpredictable. Therefore, developing models that can
perform with limited presence data, incorporate environmental
predictors, and accurately predict optimal restoration sites are
urgently needed at all spatial scales along the Florida reef tract.

At the local, habitat scale, several studies have recently made
considerable progress at predicting the presence of A. cervicornis.
For example, A. cervicornis colonies are most commonly found
growing close to reef edges, where water-flow rates are high

(D’Antonio et al., 2016), and in habitats with moderate wave
energy, between 0.5 and 1.5 kJ/m? (van Woesik et al., 2020b).
In addition, A. cervicornis outplant survival appears highest in
back-reef and fore-reef habitats (van Woesik et al., 2020a). There
is, however, little information on the survival of acroporids at
the reef scale, even though the reef scale has been identified as
the scale of highest variability in Florida (Murdoch and Aronson,
1999). To optimize restoration efforts and improve A. cervicornis
outplant survival we developed a spatio-temporal Integrated
Nested Laplace Approximation (INLA) survival model, within a
Bayesian framework, which used survival data from A. cervicornis
outplants along the Florida reef tract from 2012 to 2018. The
objectives of this study were to: (i) rank 67 reefs in terms
of survival of outplanted colonies of the coral A. cervicornis
along the Florida reef tract, and (ii) determine whether outplant
survival was geographically consistent through time.

MATERIALS AND METHODS

The data were a compilation of work conducted by six different
coral restoration programs that examined the survival of a total of
22,634 A. cervicornis colonies raised in nurseries and outplanted
to reef habitats along the Florida reef tract between 2012 and
2018 (van Woesik et al., 2020a). The restoration programs were
conducted by: (1) The Nature Conservancy, (2) the Mote Marine
Laboratory, (3) the Florida Fish and Wildlife Conservation
Commission, (4) the Coral Restoration Foundation, (5) the
University of Miami, and (6) Nova Southeastern University
(Supplementary Document). All six coral restoration programs
monitored the survival of A. cervicornis outplants after 1-month
and 1-year, and several programs continued to monitor colony
survival annually for 4 years (i.e., The Nature Conservancy,
the Mote Marine Laboratory, the Florida Fish and Wildlife
Conservation Commission, and the University of Miami). Each
outplanted colony was visually assessed to determine whether it
was alive or dead at each monitoring interval. An A. cervicornis
colony was considered censored when the colony was still alive
at the last monitoring interval. For analysis purposes, censored
individuals were given a value of 0. By contrast, individuals that
died within the timeframe of the study were given a value of 1, at
the time of death. All outplanted A. cervicornis colonies analyzed
in this study were considered as shallow (<8 m) outplants. All the
data are available at: https://github.com/rvanwoesik/Acropora_
survival.

Data Analysis

We used Integrated Nested Laplace Approximation (INLA) (Rue
et al., 2009) within a Bayesian framework to examine spatial
differences in coral survival (n) at a given site on a reef, i,
expressed as:

ni =7y + ZP.Z(si) + <(si) + elsi) (1)

where vy is an intercept coefficient, p is the fixed-effect coeflicient
vector, Z is a matrix of covariates at the location of the data
points s;, £(s;) is the spatial random effect in a spatial Gaussian
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FIGURE 1 | Study sites (red dots) and a constrained refined Delaunay triangulation mesh (outlined in blue) used in the Integrated Nested Laplace Approximation
(INLA) model for 22,634 Acropora cervicornis outplants in 7 subregions and 67 reefs along the Florida reef tract, United States from 2012 to 2018. The mesh uses
the A. cervicornis critical habitat as the inner boundary and a buffer around that critical boundary to avoid edge effects.

Markov Random Field (GMRF), and ¢(s;) is the measurement
error defined by a Gaussian white-noise process [~ N (0,6%)].
The GMRF combines the Gaussian field with Matérn covariance
functions using stochastic partial differential equations, which
in turn use a finite element representation to define the Matérn
field by triangulation of the spatial domain (Lindgren et al.,
2011; Figure 1). The GMRF computational properties have
been recently enhanced by using INLA (Rue et al, 2009)
for Bayesian inference, which is a computationally effective
algorithm that produces fast and accurate approximations of
posterior distributions (Blangiardo and Cameletti, 2015). Here
we are particularly interested in the coefficients of the covariates,
to determine how much of the variance is explained by
the covariates reef and subregion, and the variation in the
spatial latent effect explained by the variance-covariance matrix
calculated using the Matérn correlation function. Model selection
was based on the lowest Deviance Information Criterion (DIC)
and the lowest Watanabe-Akaike Information Criterion (WAIC).
To validate the model, we used spatial leave-one-out cross
validation, to assess the root mean squared error (Le Rest et al.,
2014). All the models were coded in R (R Core Team, 2018) and
are available at: https://github.com/rvanwoesik/INLA_Florida.
In conjunction with the INLA coral survival model, we used
a binary logistic regression model to examine the relationship
between the probability of survival of A. cervicornis outplants
along the Florida reef tract and wave energy. Mean wave energy
was derived from site location and fetch, at a 1-km resolution
(from van Woesik et al., 2020b; Supplementary Document) and
used as the predictive covariate. For the response covariates, we

assigned 33 reefs (ranked 1-33) that had the highest likelihood
of outplant survival (Table 1), based on the INLA results, a
value of 1, and 34 reefs (ranked 34-67) that had the lowest
likelihood of outplant survival (Table 1), based on the INLA
results, a value of 0.

RESULTS

The INLA coral survival model examining “reefs” as fixed
effects showed considerable variability in outplant survival across
the study region. Indeed, the top ranked reefs, where the
likelihood of survival of outplants was highest, were widely
distributed along the Florida reef tract (Figure 2). There was
also considerable variability in outplant survival within each of
the seven subregions (Table 1). Survival of Acropora cervicornis
outplants was highly variable in the upper Florida Keys with some
reefs showing high survival (e.g., North Dry Rocks, Carysfort,
Key Largo Dry Rocks, and Conch Reef), whereas some adjacent
or nearby reefs showed low survival (e.g., an Unnamed Reef,
Pickles Reef, and U47 Patch Reef) (Figure 2). Similarly, survival
of A. cervicornis was highly variable in the middle and lower
Florida Keys and in the Broward-Miami subregions, with some
reefs showing high survival, whereas some adjacent or nearby
reefs in the same subregion showed low survival (Table 1). By
contrast, survival of A. cervicornis outplants in the Biscayne
subregion showed low variability, but survival was consistently
high (Table 1). Similarly, survival of A. cervicornis outplants
was consistent within the Marquesas and the Dry Tortugas
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TABLE 1 | Posteriori mean (Mean); standard deviation (SD); 0.025, and 0.975% Quantile values; and Mode of the posteriori mean values using 67 reefs as the fixed
effect in the Integrated Nested Laplace Approximation (INLA) model for 22,634 Acropora cervicornis outplants in 7 subregions along the Florida reef tract, United States

from 2012 to 2018. The 7 subregions

from north east to south west) include: 1) Broward-Miami, 2) Biscayne, 3) Upper Keys, 4) Middle Keys, 5) Lower Keys, 6)

Marquesas, and 7) Dry Tortugas. The reefs are listed from highest to lowest likelihood of survival of A. cervicornis outplants. Carysfort Reef, ranked # 4 and marked in
bold, is included in the “lconic Reefs” initiative.
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TABLE 1 | Continued

Rank Reef Subregion Mean SD 0.025% Quantile 0.975% Quantile Mode

53 North Inshore Biscayne 0.0139 5.8609 —11.4931 11.5112 0.0139
54 French Upper Keys 0.0140 7.6774 —15.0594 15.0748 0.0140
55 Staghorn City Broward-Miami 0.0161 11.9816 —23.5078 23.5204 0.0161
56 Aruba’s Broward-Miami 0.0188 11.9816 —23.5051 23.5230 0.0188
57 M8 Middle Keys 0.0194 10.5611 —20.7155 20.7370 0.0194
58 Little Conch Ledge Upper Keys 0.0199 7.6774 —15.0535 15.0807 0.0199
59 Reef 3 Dry Tortugas 0.0199 14.1906 —27.8411 27.8577 0.0199
60 Jons Biscayne 0.0256 5.8609 —11.4813 11.5230 0.0256
61 South Commercial Broward-Miami 0.0259 11.9816 —23.4980 23.5301 0.0259
62 9 Foot Stake Lower Keys 0.0326 11.2044 —21.9654 22.0122 0.0326
63 Horseshoe Low Middle Keys 0.0347 10.5610 —20.7002 20.7523 0.0347
64 Marker 32 Lower Keys 0.0373 11.2043 —21.9606 22.0168 0.0373
65 Unnamed Reef Upper Keys 0.0613 7.6775 —15.0122 15.1222 0.0613
66 Pickles Upper Keys 0.0849 7.6774 —14.9884 15.1457 0.0849
67 U47 Patch Upper Keys 0.0886 7.6774 —14.9847 15.1494 0.0886

subregions, although survival was moderate to low (Table 1).
Notably, the Marquesas and the Dry Tortugas had comparably
fewer outplanting sites (3 and 4, respectively) than the other
subregions.

Outplant survival on reefs was significantly (p = 0.0124)
related to mean wave energy. Reefs exposed to moderate levels
of mean wave energy (2-4 k] m~2) had a high probability of
outplant survival. Conversely, reefs exposed to high levels of
mean wave energy (>4 k] m~2) had a relatively low probability
of outplant survival (Figure 3).

After removing the effects of “reefs” and “subregions” from the
spatio-temporal model, spatial latent effects were evident for each
sampling period (Figure 4). These spatial latent effects showed
consistently low survival of A. cervicornis outplants in the middle
Florida Keys, which were consistent through time (Figure 4).
There were also spatial latent effects from 2015 through to 2017 in
the upper Florida Keys, suggesting lower survival of A. cervicornis
outplants in these years. There were no obvious spatial latent
effects northeast of the upper Florida Keys and west of the lower
Florida Keys, although survival of A. cervicornis outplants was
lower between 2015 and 2017 than for 2012 and 2014 in both of
those subregions (Figure 2).

DISCUSSION

This study showed considerable variability in A. cervicornis
outplant survival across the Florida reef tract from 2012 to
2018. Reefs within the upper and middle Florida Keys had high
variability in survival of A. cervicornis outplants, supporting some
of the best, but also some of the worst, reefs for outplant survival.
For example, North Dry Rocks, Carysfort, Key Largo Dry Rocks,
and Conch Reef, in the upper Florida Keys, and Coffins Patch and
Tropical Rocks, in the middle Florida Keys were among the best
reefs for outplant survival. Yet, some reefs that were immediately
adjacent to or nearby these high-survival reefs were among the

worst reefs for outplant survival (Figure 2). Such results suggest
that although the environmental conditions within a subregion
influence outplant survival (Toth et al., 2018; van Woesik et al.,
2020a), variation among reefs within a given subregion, and
variation of habitats within reefs also play major roles in the
probability of outplant survival.

High variability among reefs within subregions agrees with
Murdoch and Aronson (1999), who examined variation in coral
cover across the Florida reef tract. They suggested that coral
cover on a given reef did not predict coral cover on the adjacent
or nearby reefs, because reefs are disproportionately exposed
to stressors and disturbances. Some of the stressors include
differential exposure to the inclement waters from Florida Bay
that have long been variable in temperature, salinity, nutrients,
and sediment loads (Ginsburg and Shinn, 1994). Murdoch and
Aronson (1999) found that most variation along the Florida
reef tract occurred among reefs at the 10-20-km scale. These
results from Florida contrast with a study along the Great Barrier
Reef, in Australia, by Hughes et al. (1999) who showed that
the highest variation in coral cover occurred among habitats
at the 0.5-3-km scale. Understanding variation in coral cover
and outplant survival is critical for restoration practitioners,
because such variation reflects differences in key processes, such
as differential recruitment and post-settlement mortality, that can
influence restoration success. In addition, outplant survival does
not always suggest an increase in coral cover as growth can be
independent of survival. Similarly, outplant mortality does not
necessarily result in a decline in coral cover as coral colonies can
fragment, move, and fuse. Monitoring outplant survival is the
cornerstone of monitoring restoration success, but to improve the
overall understanding of restoration success, colony growth and
fragmentation records should be also examined.

Coral reef restoration and monitoring is performed by various
agencies throughout the Florida Keys, with each agency generally
self-restricted to a particular subregion for outplanting and
monitoring. Therefore, intra-regional variation in survival is
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likely not a consequence of outplanting technique, as the same  wave energy influenced outplant survival, which warrants further
agency uses the same technique across each subregion. We investigation. Based on previous findings (D’Antonio et al., 2016;
did find that differences in reef exposure to water flow and van Woesik et al., 2020b) A. cervicornis seems to prefer reef
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United States—after considering “reef” and “subregion” as fixed effects. High survival of A. cervicornis outplants is highlighted in blue and low survival in red.
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substrate that is exposed to moderate levels of water flow and
wave energy—a finding which is supported in the present study.
For example, the reefs that ranked highest for outplant survival
were exposed to moderate wave energy, whereas nearby reefs that
ranked lowest for outplant survival were exposed to moderate to
high wave energy (Figure 3). These results point to a potential
wave-energy threshold, where high wave energy is not conducive
to A. cervicornis survival. No outplants were positioned on reefs
with low wave-energy exposure, and therefore we do not know
the wave-energy threshold where waters may become stagnant
and thus harmful for A. cervicornis outplant survival.

Since suitable habitat for A. cervicornis outplant survival is
limited throughout the Florida reef tract (van Woesik et al.,
2020b), reefs showing high survival of outplants, in subregions
with low overall survival, deserve special attention. Such bright
spots, within subregions that are less conducive to survival,
have been referred to as microrefugia and have played major
roles in genetic preservation and population recovery during
glacial-interglacial cycles in the past (Mosblech et al., 2011).
With the continuation of climate change and ocean warming,
protecting such microrefugia should be prioritized in the hope
of sustaining coral populations. For example, microrefugia in
the middle Florida Keys could be vital stepping-stones in
maintaining connectivity among coral populations between the
lower and upper Florida Keys (Frys et al., 2020). Additionally,
with A. cervicornis and A. palmata listed as “threatened” and
“critically endangered,” microrefuges throughout the Florida reef
tract are of great importance in protecting and restoring the
acroporids. Unfortunately, the genetic identity for all of the

22,634 outplants in this study were not available and prevented
the assessment of individual genotypes as a confounding variable.
However, we encourage the inclusion of individual genotypes as
a variable in further analyses because it could reveal valuable
insights into the performance of coral outplants under current
and future stressors.

While the present study highlights reefs where A. cervicornis
had the highest and lowest likelihood of survival, other coral
species may have broader or narrower tolerances. Therefore, this
study does not suggest abandoning coral-restoration practices
in the middle Florida Keys, nor does it serve as a conduit
for judging the success of other coral species. Conservation
initiatives and restoration programs are only in their infancy in
Florida. One such recent 2020 initiative, called “Iconic Reefs”
(NOAA Fisheries, 2019), was designed to conserve and restore
seven reefs along the Florida reef tract. The “Iconic Reefs”
mission is an emergency restoration plan focused on providing
rapid restoration efforts to seven reefs in the Florida Keys (i.e.,
Carysfort Reef, Horseshoe Reef, Cheeca Rocks, Sombrero Reef,
Newfound Harbor, Looe Key Reef, and Eastern Dry Rocks).
Carysfort Reef (north and south) is scheduled to receive 36,554
A. cervicornis outplants during phases 1 and 2—a notable amount
of outplants, and higher than the number of outplants scheduled
for the other “Iconic Reefs” (NOAA Fisheries, 2019). Carysfort
Reef was ranked fourth among the highest-ranking reefs in
the present study (Table 1). While we cannot comment on
whether all seven reefs of the “Iconic Reefs” program will support
A. cervicornis populations (because we did not have any outplant
data on 6 of the 7 chosen reefs), the variability within our
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study suggests that the seven “Iconic Reefs” will also show
variable responses in outplant success, and future studies may
reveal that the seven reefs vary in which coral populations they
can best support.

Contemporary restoration efforts take place in a dynamic
backdrop of global, regional, and local stressors (van Hooidonk
et al., 2017). Coral populations in Florida have been heavily
impacted by diseases and thermal-stress events (Porter and
Meier, 1992; Toth et al., 2014; Precht et al,, 2016; Walton
et al, 2018). For example, the Stony Coral Tissue Loss
Disease (SCTLD)—a particularly aggressive disease affecting
more than 19 coral species throughout the Florida reef tract
and wider Caribbean (Muller et al., 2020)—recently changed the
composition of reefs in Florida (Muller et al., 2020). Similarly,
the effects of thermal stress was evident in our study in the
years 2015-2017 (Figure 4), which coincided with a global El
Nifio event. A. cervicornis outplant survival was, in general, lower
between 2015 and 2017 than it was for 2012 and 2014 in the upper
and lower Florida Keys. Therefore, we suggest that A. cervicornis
restoration efforts along the Florida reef tract should: (i) continue
to strive for breeding diverse yet thermally tolerant and disease
resistant colonies (Baums et al., 2013; van Oppen et al., 2015), and
(ii) evaluate outplant success and the dynamics of that success on
a reef-by-reef basis.

The INLA approach helped us examine temporal consistency
in A. cervicornis outplant survival, but it also helped us
detect spatially latent effects that were not explicit variables
in our analysis. In particular, spatially latent effects were
observed in the middle Florida Keys that were independent
of reef, subregion, and year of monitoring. We also noticed
lower survival of A. cervicornis outplants in the upper
Florida Keys from 2015 through to 2017 than in the
other years of the study—that was most likely associated
with thermal-stress related effects. In addition, the effects of
Hurricane Irma may have had an effect on the survival of
colonies outplanted immediately prior to its overpass in 2017
(van Woesik et al., 2020a).

In conclusion, A. cervicornis outplant survival was highly
variable in the middle and lower Florida Keys and Broward-
Miami subregions. By contrast, A. cervicornis outplant survival
was relatively high and less variable in Biscayne Bay, and low and
less variable in the Marquesas subregions. The highest variability
in A. cervicornis outplant survival, in general, was evident among
adjacent or nearby reefs, as reefs appear disproportionately
exposed to stressors. Such spatial and temporal differences in
survival of A. cervicornis outplants at a “reef” scale highlight
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