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Abstract
Identifying which factors lead to coral bleaching resistance is a priority given the
global decline of coral reefs with ocean warming. During the second year of back‐
to‐back bleaching events in the Florida Keys in 2014 and 2015, we characterized
key environmental and biological factors associated with bleaching resilience in the
threatened reef‐building coral Orbicella faveolata. Ten reefs (five inshore, five offshore, 179 corals total) were sampled during bleaching (September 2015) and recov-
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ery (May 2016). Corals were genotyped with 2bRAD and profiled for algal symbiont
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demonstrated significantly higher bleaching resistance and better recovery com-
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abundance and type. O. faveolata at the inshore sites, despite higher temperatures,
pared to offshore. The thermotolerant Durusdinium trenchii (formerly Symbiondinium
trenchii) was the dominant endosymbiont type region‐wide during initial (78.0% of
corals sampled) and final (77.2%) sampling; >90% of the nonbleached corals were
dominated by D. trenchii. 2bRAD host genotyping found no genetic structure among
reefs, but inshore sites showed a high level of clonality. While none of the measured environmental parameters were correlated with bleaching, 71% of variation in
bleaching resistance and 73% of variation in the proportion of D. trenchii was attributable to differences between genets, highlighting the leading role of genetics in
shaping natural bleaching patterns. Notably, D. trenchii was rarely dominant in
O. faveolata from the Florida Keys in previous studies, even during bleaching. The
region‐wide high abundance of D. trenchii was likely driven by repeated bleaching
associated with the two warmest years on record for the Florida Keys (2014 and
2015). On inshore reefs in the Upper Florida Keys, O. faveolata was most abundant,
had the highest bleaching resistance, and contained the most corals dominated by
D. trenchii, illustrating a causal link between heat tolerance and ecosystem resilience
with global change.
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and variable temperatures and/or (2) stress‐mitigating environmental
factors (lower light and elevated pH).

The impacts of climate change on coral reefs have rapidly accelerated over the past 30 years from the first record of mass coral
bleaching in the eastern tropical Pacific in 1982/1983 to global
bleaching events in 1997/1998 and 2014–2017 (Baker, Glynn, &
Riegl, 2008; Glynn, 1993; Hoegh‐Guldberg et al., 2007; Hughes et
al., 2017). Coral bleaching is the breakdown in the symbiosis
between the coral host and its algal endosymbionts, which leaves
corals white and energetically compromised (Glynn, 1993). Large‐
scale bleaching events are caused by sea temperatures 1–2°C
greater than the maximum monthly mean for a month or more
(Baker et al., 2008; Glynn, 1993; Hoegh‐Guldberg et al., 2007). Coral
bleaching prevalence and resultant mortality are a function of the
magnitude and duration of the thermal anomaly (Glynn & D'Croz,
1990). Corals can survive bleaching if the stress is not too severe or
abates soon, but they can become more susceptible to disease, as
well as have depressed growth and reproduction for years after
bleaching (Baird & Marshall, 2002; Cantin & Lough, 2014; Levitan,
Boudreau, Jara, & Knowlton, 2014; Miller et al., 2009; Muller, Bar-

To address these hypotheses, we measured bleaching prevalence
and took tissue samples from 179 Orbicella faveolata colonies across
10 inshore and offshore reef sites in the Upper and Lower Florida
Keys during the second year of back‐to‐back coral bleaching in 2014
and 2015, and again during recovery in 2016. Colony condition was
visually scored in situ as bleached, partially bleached, pale, or nonbleached according to established protocols (FRRP, 2011). Tissue
samples were obtained to determine host genotype, as well as symbiont type and abundances using quantitative PCR (qPCR) and
2bRAD. Temperature, light, and pH sensors were deployed at the
sample sites to characterize environmental conditions. One year
after bleaching (August 2016), we measured the percent cover of all
scleractinian corals, the Orbicella annularis species complex, and
macroalgae at all sites to ascertain if differences in cross‐shelf coral
cover were maintained. For clarity, data are summarized by region as
follows: Lower Keys Offshore (LKO, n = 2 sites), Lower Keys Inshore
(LKI, n = 2), Upper Keys Offshore (UKO, n = 3), and Upper Keys
Inshore (UKI, n = 3) (Figure 1, Table S1).

tels, & Baums, 2018; Precht, Gintert, Robbart, Fura, & van Woesik,
2016).
Similar to the wider Caribbean, coral reefs in the Florida Keys
have declined dramatically since the 1980s (Dustan & Halas, 1987;

2 | MATERIALS AND METHODS

Porter & Meier, 1992). Coral bleaching and disease have been a

2.1 | Sites

major factor in this decline as there have been seven mass coral

Paired inshore–offshore sites were identified in the Upper (n = 6: 3

bleaching events since 1987 in the Florida Keys, with back‐to‐back

inshore, 3 offshore) and Lower (n = 4: 2 inshore, 2 offshore) Florida

events in 2014 and 2015 (Gintert et al., 2018; Manzello, 2015;

Keys (Figure 1). An attempt was made to find sites of similar depth,

Precht & Miller, 2007). An exception to this decline occurs on the

but we had difficulty finding shallow offshore sites in the Upper

inshore patch reefs of the Florida Keys, where coral cover has

Florida Keys with enough colonies of O. faveolata. Thus, two of the

remained relatively high. Average coral cover on the patch reefs typ-

offshore sites were > 10 m (Table S1). The remainder of the sites

ically ranges from 15% to 35%, whereas values offshore are <5%

was 2.6–6.1 m.

(Lirman & Fong, 2007; Ruzicka et al., 2013). This is counter‐intuitive
because inshore sites experience environmental conditions that are
perceived as marginal for coral survival: greater thermal variability,

2.2 | Physical environment

increased turbidity/depressed light, increased sedimentation, and ele-

At each site, hourly sea temperature was measured from September

vated nutrients. In spite of this, coral growth and calcification are

22–25, 2015, to May 22–25, 2016, with a Seabird SBE 56 thermis-

faster inshore relative to offshore and resilient to both cold and

tor fixed to a stainless steel stake that had been hammered into the

warm‐water stress (Lirman & Fong, 2007; Manzello, Enochs, Kolod-

substrate. Additional Seabird SBE 56 temperature probes were previ-

ziej, & Carlton, 2015a,b; Manzello, Enochs, Kolodziej, Carlton, &

ously deployed in early December 2013 at LKI1 and UKO2, provid-

Valentino, 2018).

ing information on temperatures coincident with bleaching in 2014

Direct human impacts are unlikely to be driving the disparate

and 2015. Temperature was measured every 3 h at the Cheeca

cross‐shelf trajectories in coral cover because the inshore sites are

Rocks Moored‐Autonomous pCO2 buoy (MApCO2, depth = 1 m)

closer to human population centers and land‐based sources of pollu-

over this same time period using a conductivity–temperature sensor

tion (Lirman & Fong, 2007). As such, the higher coral cover on the

(Model SBE‐16 plus v. 2.2, Seabird Electronics). The MApCO2 buoy

inshore reefs has been hypothesized to be due to increased resis-

is approximately 250 m from UKI1. To estimate conditions for LKO

tance and/or resilience of local corals to elevated temperatures and

prior to September 2015, we used temperatures from a Seabird SBE

bleaching (Kenkel & Matz, 2016; Kenkel et al., 2013). In this case,

56 that was affixed to the Sand Key lighthouse at 1 m (Figure 1).

resistance is defined as the ability of a coral to withstand elevated

Photosynthetically active radiation (PAR, 400–700 nm) was mea-

temperatures without bleaching and resilience is the ability to

sured hourly using an EcoPAR (Wet Laboratories) from September

recover from bleaching. Two mechanisms that have been proposed

21‐22, 2015, to May 23, 2016, at LKI1 and LKO1. PAR data were

for this inshore bleaching resistance/resilience are as follows: (1)

collected inshore–offshore from October 8, 2015, to May 25, 2016,

coral host and/or symbiont adaptation and/or acclimatization to high

at UKI2 and UKO2. The EcoPAR sensors have a built‐in wiper,
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F I G U R E 1 Map of 10 study sites in the Upper and Lower Florida Keys. Asterisks indicate deployment location of PAR and pH sensors.
SAND, Sand Key Lighthouse

eliminating the need for regular cleaning of the sensor. PAR sensors

corals were sampled from the top of the colony given that symbiont

were swapped at each site with new sensors on March 2, 2016,

types can change with colony orientation (Kemp et al., 2015). Sam-

(LKI, LKO) and March 3, 2016 (UKI, UKO). The time period up to

ples were immediately preserved in 95% ethanol and placed on ice

the swap in early March 2016 is referred to as deployment 1,

for genetic analysis. The same corals were relocated and sampled

whereas from March‐May 2016 is referred to as deployment 2. PAR

from May 22–25, 2016; 190 of the original 200 corals were resam-

daily dose was calculated as described in Manzello et al. (2009).

pled. Ten corals could not be relocated. We did not find any evi-

Seawater pH was measured hourly over the same time at the

dence of the original colony sampled (i.e., dead coral) as pictures of

same sites as the PAR sensors. The pH sensors were also swapped

the sampled colonies were brought on the second set of dives to

with new instruments at each site in early March at the same time as

assist with relocation. It is most likely that human error in the origi-

the PAR sensors. During deployment 1, a SAMI pH sensor (Sunburst)

nal location mapping occurred rather than coral mortality. After care-

was used at LKI1 and there are no data for LKO1 because the sensor

ful consideration of all the photographs, it was determined that 11

at that site was lost. For all other sites and deployments, SeaFET pH

of the corals sampled were either Orbicella annularis or Orbicella

sensors (Satlantic) were used. Seawater samples were collected in 500

franksi, which was also supported by 2bRAD results. These corals

ml borosilicate glass bottles and poisoned with 200 μl HgCl2 when

were removed from the analysis, leaving a total sample size of 179.

the instruments were initially collected and upon recollection. Samples
were analyzed for total CO2 and total alkalinity as described in Enochs
et al. (2015). The calculated pH (total scale) values from these bottle

2.4 | 2bRAD genotyping

samples were used to calibrate the pH sensors; offsets between the

2bRAD libraries were prepared generally following Wang, Meyer,

bottle values and sensor readings were applied. The pH sensors

McKay, and Matz (2012) with modifications described in the proto-

recorded quality data for different lengths of time, and thus, statistical

col hosted within the 2bRAD GitHub repository (https://github.com/

comparisons were only performed for when data overlapped. For

z0on/2bRAD_denovo). Most importantly, the new protocol involves

deployment 1, this was October 7, 2015, to November 29, 2015. For

additional 12‐fold in‐read barcoding that considerably reduces library

deployment 2, this was March 3, 2016, to May 3, 2016.

preparation effort and uses degenerate bases within ligated adaptors
to remove PCR duplicates. We have included five groups of geno-

2.3 | Coral tissue sampling

typing triplicates where we prepared three replicate 2bRAD libraries
from the same coral sample. The replicates were originally intended

During peak bleaching (22‐25 September 2015), 20 colonies of

to facilitate genotype quality filtering (Dixon et al., 2015), but proved

O. faveolata were assessed for condition (nonbleached, pale, partially

to be most instrumental in identifying natural clones, as described in

bleached, and bleached), tagged, photographed, and sampled with a

the next section. The reads were split by barcode, adaptor‐trimmed,

hammer and chisel from each site (n = 200 total coral samples). All

deduplicated, quality‐filtered, and mapped to the O. faveolata
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2.6 | Algal symbiont profiling based on 2bRAD data
The same 2bRAD sequencing data were mapped to a combination

2.5 | Clonal and genetic structure

of coral reference genome and symbiont transcriptomes for the four
Symbiodiniaceae genera (Symbiodinium, Breviolum, Cladocopium, and

To identify clones, we used the single‐read sampling approach in

Durusdinium formerly assigned to clades A, B, C, and D, respectively:

ANGSD (Korneliussen, Albrechtsen, & Nielsen, 2014) to compute

LaJeunesse et al., 2018). Transcriptomes for Symbiodinium and Brevi-

identity‐by‐state (IBS). IBS is the proportion of times when two ran-

olum were from Bayer et al. (2012), and transcriptomes for Clado-

domly sampled reads covering a SNP site match between the two

copium and Durusdinium were from Ladner, Barshis, and Palumbi

compared individuals. The major advantage of this method of mea-

(2012). We then counted the relative proportions of reads producing

suring pairwise genetic distance is that it is robust to variation in

highly unique matches (with mapping quality 40 or better) to each

sequencing coverage among individuals. The data for this analysis

symbiont transcriptome. To estimate relative overall abundance of

were filtered requiring minimal mapping quality of 20, at least 85%

algal symbionts, we have calculated the proportion of all such reads

of nonmissing genotypes, and minimum allele frequency of 0.05,

relative to number of reads matching to the longest coral host con-

leaving 14,166 SNPs. Pairwise IBS distances were clustered using

tig.

function hclust() in R and displayed as a tree diagram (Figure 2). This
identified groups of samples showing the same pairwise IBS level as
our genotyping replicates; these samples were deemed natural

2.7 | Symbiont assemblage analysis based on qPCR

clones. This analysis also revealed that 11 sampled corals were likely

Genomic DNA was extracted using the organic extraction protocol

not from the target species, which was then confirmed by re‐exam-

described in Rowan and Powers (1991). Quantitative PCR (qPCR)

ining the photographs of these corals in the field. To explore genetic

assays were used to understand patterns of algal symbiont commu-

structure in the retained samples, the data were pruned to leave a

nity structure and detect the presence of background symbiont types

single representative sample per genet (resulting in 107 samples).

not detectable by traditional methods (Mieog, Van Oppen, Berkel-

Genotype likelihoods were calculated in ANGSD with the following

mans, Stam, & Olsen, 2009). Assays targeted specific actin loci in

filters: p‐value that SNP is true 1e‐6, minimal mapping quality 20,

O. faveolata of Symbiodinium, Breviolum, Cladocopium, and Durusdinium

minimal base quality 20, minimal number of genotyped individuals

since O. faveolata has been shown to associate with members from

90, minimal p‐value for deviation from Hardy–Weinberg equilibrium

all of these genera (Kemp et al., 2015). Assays for O. faveolata, Sym-

0.05, minimum p‐value for strand bias 0.05, and minimum allele fre-

biodinium, and Breviolum were performed using the same primers and

quency 0.05. This filtering retained 6,947 SNPs. The results were

reactions as described in Cunning and Baker (2013), whereas assays

analyzed using NGSadmix (Skotte, Korneliussen, & Albrechtsen,

for Cladocopium and Durusdinium were multiplexed and performed as

2013), which performs ADMIXTURE analysis (Alexander, Novembre,

described in Cunning, Silverstein, and Baker (2015). All assays were

& Lange, 2009) operating on genotype likelihoods data rather than

validated for target specificity and amplification efficiency as

on actual genotype calls. The resulting bar charts for K (number of

described in Cunning et al. (2015). Reactions were performed in
MasterMix and 1 μL of genomic DNA template) in a StepOnePlus

O. faveolata divergence throughout the Keys.

Real‐Time PCR System (Applied Biosystems, USA). Detection levels

faveolata

franksi

(1 – IBS)

(b)

annularis

franksi

(1 – IBS)

(a)

faveolata

duplicate in volumes of 10 μL (using 5 μL of Taqman Genotyping

visually to conclude that there was no detectable genome‐wide

annularis

genotypic clusters attempted) ranging from 2 to 6 were examined

Technical replicates

Inferred clonal groups

F I G U R E 2 Identification of clonal
groups using identity‐by‐state (IBS) analysis
of 2bRAD data. (a) Hierarchical clustering
of genotyped corals by genetic distance
(1‐IBS). Technical replicates (i.e., the same
coral sample genotyped multiple times) are
represented by branch tips of the same
color. (b) The same dendrogram as in (a),
with inferred clonal groups colored. Eleven
samples (including one clonal group) that
were notably dissimilar from the rest were
identified as O. franksi or O. annularis after
revisiting in situ photographs
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were established with standard curves generated using known con-

the posterior distribution of sampled parameter values. The ordinal

centrations of target DNA. Cycle threshold (CT) values were calcu-

model included a prior fixing the residual variation at unity, as recom-

lated by the StepOnePlus software package using a fluorescence

mended (Hadfield, 2010). Recovery was analyzed based on visual

threshold of ΔR n = 0.01. Positive amplifications were counted when

scores only (either “nonbleached” or “pale”), as no reads‐based mea-

both technical replicates produced cycle threshold (CT) values <35,

sures were available for recovering corals. We define “recovery” as

and there was no amplification in the negative controls.

when the coral colony was scored as “nonbleached” and having full

Thirteen of the coral samples visually scored as bleached could

pigmentation in the field. This comes with the caveat that visual

not be amplified by qPCR. Therefore, we relied on the 2bRAD data

determinations of coral health via color scoring have limitations as

for endosymbiont abundance (a quantitative measure of bleaching,

visual appearance does not always conform to physiological perfor-

see below) as well as proportion of Durusdinium trenchii (formerly

mance (See Fitt, Brown, Warner, & Dunne, 2001; Grottoli et al.,

Symbiondinium trenchii within clade D) within the endosymbiont pop-

2014; Manzello et al., 2009). In spite of this known limitation, we did

ulation given its ability to resolve the most bleached corals. We used

find a significant correlation between symbiont abundances using

qPCR data to examine the trends in the relevant amounts of differ-

2bRAD reads and visual scoring (Figure S1), but it is cautioned that

ent symbiont genera during and after bleaching.

fully pigmented corals may still have impaired physiological perfor-

As proportion data do not conform to the assumptions of nor-

mance and reproductive output. Recovery was analyzed using Fisher's

mality, coral colonies were categorized as being either Symbiodinium,

exact tests comparing (i) recovery of all corals inshore vs. offshore

Breviolum, Cladocopium or Durusdinium dominant (defined as the col-

and (ii) recovery of clone‐group members to recovery of unique geno-

ony having >50% of the algal symbionts of that particular genera) to

types, separately for inshore and offshore locations.

get a binomial response (either dominance or not). Differences in the
proportions of symbiont dominance were then assessed between
colonies using chi‐squared tests to assess differences in community

2.9 | Quantitative genetics

composition among regions (UKI, UKO, LKI, and LKO) per time point

Broad‐sense heritability (proportion of variation explained by clonal

sampled (September 2015 and May 2016). To test the probability of

structure) was estimated for visual bleaching scores, log‐transformed

a colony bleaching as a function of location and Durusdinium domi-

proportion of symbiont reads, and arcsine‐square root of proportion

nance, a nominal logistic regression was used with “thermal stress”

of Durusdinium relative to other symbiont genera. Heritability models

(defined as any visible discoloration or bleaching) as the binomial

were fitted using MCMCglmm package in R (Hadfield, 2010); credi-

response variable (0‐no thermal stress, 1‐thermal stress). This

ble intervals were calculated from the distribution of parameter val-

approach is similar to a linear regression with proportion of colonies

ues sampled from the posterior. The models incorporated reef

bleached as the dependent variable; however, in this case, the logis-

location as a fixed effect to control for variation due to environmen-

tic regression assumes that the probability distribution is binomial

tal differences. This term would also absorb some of the genetic

instead of normal (Quinn & Keough, 2002; Yee & Barron, 2010).

variation if populations were locally adapted; since this was likely
the case our heritability estimates are conservative (it must be noted

2.8 | Bleaching and recovery

that omitting the location term results in only minor increase in heritability). Heritability was calculated as the proportion of residual vari-

Two independent measures of bleaching were analyzed: visual

ation after accounting for the fixed effect of location attributable to

bleaching scores (bleached, partially bleached, pale, or nonbleached)

genet identity, which in this model setting essentially quantified vari-

and proportion of 2bRAD reads mapping to symbiont transcriptome

ation due to differences between genets at the same location. This

(log‐transformed). Every ramet (including unique genets) was given a

approach was possible because there were different clonal groups,

unique number to be incorporated into mixed models as a random

including replicates for the same genets, at each location. Location

effect. To determine whether there was an effect of specific reef

UKI2 contained just a single genet; in this case, the effect of location

location or of inshore/offshore difference after accounting for the

was confounded with the effect of genet, resulting in omitting UKI2

effect of the genet, ordinal mixed model incorporating bleaching

from the ordinal analysis of visual color scores and broad credible

scores as fixed effect and random effect of genet was fitted using

interval in analysis of 2bRAD‐derived symbiont abundances.

function clmm2, package “ordinal” in R. The analogous model for the
reads proportion data was fitted using function lmer, package “lme4”
in R. To see whether being a part of the clonal group provided any

2.10 | Photograph transects

benefit in terms of bleaching resistance, we have also fitted models

In August 2016, four 10 m transects were haphazardly placed at

with an additional two‐level fixed factor “isclone.” All these models

each site and photographs were taken of the benthos every meter

were then compared via a likelihood ratio test to the corresponding

from approximately 1 m above the substrate (n= 40 images per site).

null models containing only the random effect of genet. Point esti-

The percent cover of coral, macroalgae, Orbicella faveolata, Orbicella

mates and 95% credible intervals of per‐location bleaching rates were

franksi, and Orbicella annularis was determined by overlaying 40 ran-

obtained by fitting the same mixed models using MCMCglmm func-

dom points per image using CPCe (Kohler & Gill, 2006). Statistical

tion (package “MCMCglmm” in R: Hadfield, 2010) and summarizing

analyses were conducted using the software JMP® Pro version 12
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F I G U R E 3 Environmental conditions for inshore and offshore sites in the Upper and Lower Florida Keys. (a) Running 30‐day mean sea
temperature from 2014 to 2016 and (b) daily average temperatures between the initial and final sampling in 2015 and 2016. (c) Daily dose of
photosynthetically active radiation (PAR) and (d) 3‐hourly seawater pH. UKO, Upper Keys Offshore; UKI, Upper Keys Inshore; LKO, Lower
Keys Offshore; LKI, Lower Keys Inshore

2014

Mean
SE

2015

LKO

LKI

UKO

UKI

LKO

LKI

UKO

UKI

30.4

31.3

30.5

31.0

30.9

31.7

30.8

31.3

0.08

0.10

0.07

0.09

0.05

0.08

0.06

0.06

30 d

31.2

32.0

31.3

31.8

31.2

32.0

31.2

31.7

Max

31.7

32.6

32.0

32.6

31.8

32.9

31.9

32.4

Min

28.5

28.3

28.8

28.7

29.8

29.2

29.7

29.1

T A B L E 1 Mean, SE, maximum and
minimum of daily average temperatures
(°C) in the summer of 2014 and 2015.
30 d is maximum running 30‐day mean
temperature

(SAS Institute Inc., Cary, NC, USA), R Studio (R Core Team, 2015),

p < .001) (Figure 4). UKO exhibited the most evidence of thermal

and SigmaPlot 12.

stress as 84% of corals were pale, partially bleached or bleached in
September. The endosymbiont abundances measured as proportion

3 | RESULTS
3.1 | Temperatures and bleaching prevalence

of algal symbiont 2bRAD reads relative to coral host reads were well
correlated with the visual scoring of bleaching (r = .66, p < .001, Figure S1), and differences in bleaching among sites inferred using
these two methods (linear model of log‐transformed read‐based data

Inshore temperatures were significantly warmer (+0.5 to +0.9°C)

and ordinal model for visual scores) were nearly identical (r = .91,

than offshore during summer and cooler (−1.1 to −4.0°C) in winter

p < .001, Figure 4e).

(Kruskal–Wallis one‐way ANOVA and Tukey Post hoc tests) (Fig-

There was one outlier to this trend as there was high bleaching

ure 3, Tables 1 and S2). All sites were 0.3–0.4°C warmer in 2015

prevalence at one inshore site in the Lower Keys (LKI1, Jaap Reef)

than 2014 (Mann–Whitney U tests, p < .05). LKI was the hottest of

(Figure 4). However, all the corals at this site had full pigmentation

all regions (Tukey test, p < .05).

by May 2016. Despite having significantly hotter temperatures than

Inshore reefs bleached less (Likelihood ratio test, p < .05) and

the offshore sites, none of the 60 colonies sampled at UKI were

recovered significantly better than offshore reefs (Fisher's exact test,

bleached and 70% had normal pigmentation; all corals at UKI had
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F I G U R E 4 Coral colony condition of
O. faveolata in September 2015 and May
2016 for inshore and offshore sites in the
Lower and Upper Keys. (a) Stacked bar
graph of visual bleaching scores assessed
in September 2015 (peak bleaching) and (b)
May 2016 (recovery). (c, d) Model‐derived
per‐site bleaching rates, according to the
ordinal mixed model based on visual scores
(c) and linear mixed model based on
proportion of symbiont reads (d). (e)
Correlation between model‐derived
bleaching rates. Photographs taken during
sampling in September 2015 from
following sites: Bleached, UKO2; Partially
bleached, LKI2; Pale, UKO1; Not bleached,
LKI2
completely recovered by May (Figure 4). This quicker recovery

There was a strong relationship between D. trenchii abundance

inshore was significant (Pearson chi‐square, X = 40.1, p < .001). The

and bleaching in both the qPCR (X2 = 31.5, p < .001) and 2bRAD

2

offshore sites showed slower recovery as 23% of corals in LKO were

data (r = .52, p < .001), as > 90% of the nonbleached corals were

still pale, whereas 40% in UKO were still pale or partially bleached.

dominated by D. trenchii. The one outlier inshore site (LKI1),
which had the highest bleaching prevalence of inshore sites, was

3.2 | Spatiotemporal patterns in algal symbiont
community
Only 16.2% of the O. faveolata colonies hosted a single symbiont
type, as most colonies hosted mixtures of 2, 3, or all 4 symbiont

also the inshore site with the least amount of D. trenchii (Figure 6c).

3.3 | Clonal and genetic structure

genera. Notably, D. trenchii was the dominant symbiont type both at

The frequency of host clonal ramets sampled from one genet

the initial (78.0%) and final (77.2%) time points (Figure 5). The domi-

was greater inshore (Figure 6a). At one of these locations, UKI2,

nant symbiont genera remained the same from bleaching through

all 20 sampled coral colonies were ramets of the same genet

recovery in 82.3% of the colonies (Figure S2). However, the number

despite being up to 40 m apart and spanning an area sampled of

of colonies dominated by Breviolum did increase, while those domi-

983 m2. Interestingly, within a reef site, ramets were not spatially

nated by D. trenchii decreased during recovery at UKO (Figure 5).

clustered (Figure S3); on average distances between them were

Conversely, every coral at LKO became dominated by D. trenchii

only slightly smaller than between distinct genets (Figure S4).

between September 2015 and May 2016. Symbiodinium (formerly

Still, no clonal groups spanned multiple reef sites. After removing

clade A) and Cladocopium (formerly clade C) were no longer domi-

all but one ramet of each genet from the dataset, essentially no

nant within corals at any location after recovery except for UKO

genetic structure could be detected across the sampled locations

(Figure S2).

(Figure S5).
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1.00

Cladocopium
Durusdinium
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3.5 | Light and pH during recovery
Photosynthetically active radiation (PAR, 400–700 nm) did not follow

(a) Sept 2015

consistent cross‐shelf trends by region or season. UKI had the highest PAR daily dose of all sites in spring, but lowest values in autumn

Proportion of colonies

and winter (Figure 3c, Table 3). UKO had the lowest PAR values of

0.75

all sites in spring, and there were never any inshore–offshore differences in the Lower Keys (Tables 3 and S3). Seawater pH was highly
variable inshore with UKI exhibiting a very large seasonal range (Fig-

0.50

ure 3d, Tables 3 and S3). UKI had the lowest pH of all sites in
autumn/winter and highest pH in spring. At LKI, pH was similarly
low to UKI in autumn, but there was no elevation during spring.

0.25

There was little seasonal change in pH offshore, as mean pH
increased 0.034 units from fall/winter to spring at UKO.

0.00
UKI
1.00

UKO

LKI

LKO

(b) May 2016

3.6 | Benthic cover after bleaching recovery
Total coral cover was significantly higher at the inshore sites, with
mean values of 16.8% and 17.5% at UKI and LKI, respectively

Proportion of colonies

(Tables 4 and S4). The dominant benthic type in the Upper Keys was

0.75

macroalgae (range of means: 56.4%–69.1%), whereas it was turf
algae in the Lower Keys (35.5%–49.6%). All offshore sites had Orbicella annularis spp. coverage of <1% and low total coral cover. The

0.50

two deeper offshore sites in the Upper Keys had the lowest total
coral cover (1.5%–1.6%) and O. annularis species covered 0.1% of
the benthos at each site. For the inshore sites, total coral cover was

0.25

no different between the Upper and Lower Keys and overall coverage by the O. annularis species complex was similar (Table 4). O. an-

0.00

nularis was the dominant coral at LKI, whereas at UKI it was

UKI

UKO

LKI

LKO

O. faveolata.

Location
F I G U R E 5 Proportion of colonies which were dominated by
symbiont genera Symbiodinium, Breviolum, Cladocopium, and
Durusdinium in (a) September 2015 and (b) May 2016

4 | DISCUSSION
Despite having significantly hotter temperatures than the offshore
sites, O. faveolata at the inshore sites bleached less and recovered
faster. In fact, none of the 60 colonies sampled at UKI were

3.4 | Broad‐sense heritability of bleaching
resistance and proportion of D. trenchii

bleached in September 2015, as 70% had normal pigmentation (Fig-

Both total symbiont density and proportion of D. trenchii making up

dominated by D. trenchii. UKI had the most corals dominated by D.

the symbiont population within a colony varied greatly among gen-

trenchii. This correlation of bleaching resistance with the proportion

ets, but were similar among ramets of the same genet (Figure 6).

of D. trenchii symbionts follows what has been observed in multiple

The proportion of variation attributable to coral's genet identity (i.e.,

previous works (e.g., Baker, Starger, McClanahan, & Glynn, 2004;

broad‐sense heritability, H2) was nearly the same for the proportion

Berkelmans & van Oppen, 2006; Jones, Berklemans, van Oppen,

of D. trenchii symbionts (H2 = 0.73) as for total symbiont amount (H2

Mieog, & Sinclair, 2008).

= 0.71) (Table 2).

ure 4a). There was a strong relationship between D. trenchii abundance and bleaching, as >90% of the nonbleached corals were

An exception to the overall trend of high bleaching resistance

The models could not be improved by adding a fixed effect

and dominance by D. trenchii symbionts on the inshore reefs

defining whether the coral colony was a member of a clonal group,

occurred at LKI1, or Jaap Reef. As previously mentioned, this site

which indicates that genets that are represented by multiple ramets

had the highest bleaching prevalence and least number of colonies

are not inherently different in their bleaching resistance from other

dominated by D. trenchii of all inshore sites (Figure 6). In September

genets at the same reef site. Multi‐ramet genets also did not recover

2015, 54% of the corals at LKI1 were dominated by D. trenchii, 31%

better than their peers, after controlling for the difference in recov-

by Symbiodinium, and 15% by Breviolum. In May 2016, the propor-

ery between inshore and offshore sites.

tion of corals dominated by D. trenchii was nearly identical (53%) to
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Inshore

Offshore

UKI1

UKI3

log10 (symbiont reads)

(b)

LKO2 UKO1

UKO2
UKO3

LKI2

LKO1

LKI1

UKI2

Number

(a)

1
0

–1

Proportion of D. trenchii

(c)

1

0.5

0

Genotypes
F I G U R E 6 Host clonal structure, symbiont abundance, and proportion of D. trenchii symbionts within the symbiont population of O. faveolata
across sites. (a) Stacked bar plot of coral counts at each site, colors representing distinct clonal groups and gray corresponding to unique
genotypes. (b) Box plots of log‐transformed proportions of 2bRAD reads relative to the coral host reads, and (c) proportions of D. trenchii relative
to other genera. Colored boxes represent clonal groups as in panel (a), white boxes correspond to all unique genotypes from a given site
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T A B L E 2 Broad‐sense heritability (H2) of bleaching tolerance,
estimated as proportion of trait variation explained by differences
between genets. All models were fitted using MCMC and included
location as fixed effect and genet as a scalar random effect

ET AL.

temperatures were 0.4–0.5°C higher at LKI versus UKI in 2015; thus,
there could also be upper thermal limits whereby the bleaching resistance gained by hosting D. trenchii is lost.
To our knowledge, this is the first time it has been shown that

Trait

H2 (95% CI)

both bleaching resistance and the proportion of D. trenchii symbionts

Symbiont abundance during bleaching event,
reads‐based

0.71 (0.56–0.82)

were highly consistent among naturally occurring clonal ramets. Pre-

Visual bleaching score (ordinal)

0.93 (0.87–0.98)

lar bleaching responses (Edmunds, 1994), but the symbiont types

Proportion of D. trenchii

0.73 (0.62–0.83)

within the ramets were not investigated. Heritability is a measure of

vious work has highlighted that ramets from one genet exhibit simi-

the genetic components of a trait or phenotype, as opposed to enviSeptember, while the remainder of the corals were Breviolum domi-

ronmental factors, and ranges from 0 to 1 such that higher numbers

nated. Jaap Reef was the shallowest of all our sites (2.6 m) and had

indicate a greater degree of genetic influence and thus, potential for

the highest PAR values of all sites in autumn, and high values again

adaptation (Falconer & Mackay, 1996). Recent work has shown that

in spring, only slightly less than UKI1 (Table 3). This site also experi-

the symbiont communities of corals are a heritable trait, even in a

ences the highest and lowest temperatures of all sites (Figure 3).

coral species that acquires symbionts environmentally (Quigley, Wil-

Symbiodinium is a known high light and high temperature specialist

lis, & Bay, 2017). This means that host genetics factor into the resul-

(Kemp, Hernandez‐Pech, Iglesias‐Prieto, Fitt, & Schmidt, 2014), which

tant symbiont assemblages even when larvae do not acquire

may explain its abundance at Jaap Reef. Symbiodinium is rare in the

symbionts maternally. Our heritability estimates for bleaching resis-

Florida Keys and it has been hypothesized that this genus may be at

tance and the proportion of D. trenchii in the symbiont population

a competitive disadvantage to Breviolum and Cladocopium due to

were high, as were values obtained in a heat stress experiment on

cold sensitivity (Kemp et al., 2015). The fact that no corals were

O. faveolata (Dziedzic, Elder, & Meyer, 2017). This suggests that the

dominated by Symbiodinium in May, following the coolest part of the

potential for adaptive responses to warming in O. faveolata do exist,

year, could be indicative of the cold sensitivity of this symbiont

but more work is required to better understand the real‐world rami-

genus. Indeed, 75% of the corals that were Symbiodinium dominated

fications of these heritability estimates relative to the rate and mag-

in September 2015 later became Breviolum dominated, whereas the

nitude of present‐day warming and environmental degradation.

remainder became dominated by D. trenchii. This suggests that D.

Different coral genotypes on the same reef whose symbiont

trenchii may be at a disadvantage when high light conditions co‐oc-

populations were similarly dominated by D. trenchii exhibited differ-

cur with high temperatures. Summertime mean and maximum

ing degrees of bleaching resistance (see UKI1, Figure 6). Given that

Fall/Winter
PAR

LKO

Spring
LKI

UKO

UKI

LKO

LKI

UKO

UKI

Mean

7.47

8.20

5.70

5.07

15.98

16.02

13.77

16.16

Median

7.26

8.57

5.46

4.46

17.77

17.29

14.69

18.16

SE

0.359

0.384

0.274

0.331

0.610

0.597

0.477

0.684

Min

0.01

0.08

0.14

0.01

0.75

0.72

3.29

1.19

Max

18.63

18.90

12.49

15.19

23.15

22.91

19.66

24.18

T A B L E 3 Daily dose of
photosynthetically active radiation (PAR)
and pH during 1st (October 2015–
February 2016) and 2nd deployment
(March–May 2016). PAR daily dose, mol
m−2 d−1. pH on total scale. SE, std. error
of mean

pH
Mean

n/a

7.893

8.005

7.819

8.072

7.979

8.039

8.145

Median

n/a

7.892

8.012

7.810

8.070

7.977

8.035

8.131

SE

n/a

0.003

0.002

0.003

0.001

0.003

0.002

0.003

Min

n/a

7.654

7.854

7.645

7.981

7.837

7.900

8.005

Max

n/a

8.112

8.078

8.059

8.171

8.134

8.167

8.316

Site

n

Total Coral

O. annularis

O. faveolata

Macroalgae

Turf Algae

LKI

2

17.5 (1.34)

10.0 (1.06)

1.0 (0.42)

15.2 (1.93)

49.6 (2.68)

LKO

2

7.4 (1.12)

UKI

3

16.8 (1.55)

UKO

3

3.3 (0.66)

0.0
0.7 (0.34)
0.0

0.8 (0.44)

6.5 (0.80)

35.5 (1.53)

11.3 (1.53)

56.4 (2.03)

17.0 (1.43)

0.3 (0.11)

69.1 (1.47)

10.4 (0.76)

T A B L E 4 Percent cover of all
scleractinian corals, Orbicella annularis,
Orbicella faveolata, macroalgae, and turf
algae. Values are means (± SE). n, number
of sites
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the degree of bleaching resistance was similar among clonal ramets,

during and after bleaching (Kemp et al., 2014). Long‐term monitoring

and ramets were haphazardly distributed among reefs (Figure S3), it

at UKI1, a reef where O. faveolata is the most abundant coral,

seems unlikely that the differences in bleaching resistance between

revealed that only 4 of 552 tracked colonies (<1%) died during the

genets could be due to differences in microenvironment. Rather, this

2014–2015 bleaching (Gintert et al., 2018).

suggests an interaction of host genotype and algal symbiont, such

In previous studies, D. trenchii was competitively displaced, how-

that certain coral genotypes may garner more heat tolerance from D.

ever, by less heat‐tolerant symbiont genera after 2 years of recovery

trenchii than others. Different genotypes of Acropora palmata exhib-

from bleaching (LaJeunesse et al., 2009; Thornhill, LaJeunesse,

ited a 3.6‐fold variance in photochemical efficiency with cold stress

Kemp, Fitt, & Schmidt, 2006). During recovery at UKO, the number

despite having clonal symbionts (Parkinson, Banaszak, Altman, LaJeu-

of colonies dominated by Breviolum did in fact increase, while those

nesse, & Baums, 2015). This is in line with recent work showing the

dominated by D. trenchii decreased suggesting a possible shift back

importance of the coral host to bleaching resistance (e.g., Dixon et

to the symbiont assemblages previously measured for this species

al., 2015; Howells, Abrego, Meyer, Kirk, & Burt, 2016; Kenkel &

and location. However, every coral at LKO became dominated by D.

Matz, 2016; Kenkel et al., 2013; Palumbi, Barshis, Traylor‐Knowles,

trenchii from September 2015 to May 2016. Future work is neces-

& Bay, 2014).

sary to determine if the endosymbiont populations within O. faveo-

We genotyped only the coral host and not the algal symbionts,

lata in the Florida Keys have indeed switched back to being

thus it is unclear if the symbionts within clonal corals are also clonal.

dominated by other symbiont types as previously shown. Our result

Unfortunately, our 2bRAD data did not contain enough symbiont

is intriguing in light of the fact that there was no change in the sym-

reads to allow individual‐level symbiont genotyping, so we can nei-

biont population structure within colonies of O. faveolata during the

ther confirm nor exclude this possibility. If the clonal structure of

2005 mass bleaching event in the Florida Keys, as Breviolum domi-

the symbiont is aligned with the clonal structure of the host, it

nance was stable through time and bleaching (Thornhill et al., 2009).

would remain unclear how much of the similarity in bleaching

Therefore, the response to bleaching in O. faveolata in 2014 and

response between clonal coral colonies is due to genetically identical

2015 appears to be different than the prior Keys‐wide mass bleach-

host versus genetically identical symbionts. Prior work from the Flor-

ing event in 2005. This difference may be because the bleaching in

ida Keys showed that on a particular reef symbiont genotype was

2005 was less severe than 2014 and 2015, owing to less heat stress

generally identical among different O. faveolata hosts and largely

in 2005 (see Gintert et al., 2018).

endemic to a site (Thornhill, Xiang, Fitt, & Santos, 2009). In other

There is debate as to whether the increased prevalence of D.

words, all colonies were dominated by the same symbiont genotype

trenchii during and after bleaching is a mechanism of acclimatization,

and that genotype was unique to a given site. D. trenchii has very

or a symptom of stress (Pettay et al., 2015). On one hand, colonies

low genotypic diversity in the Atlantic with a high degree of clonal-

dominated by D. trenchii are able to tolerate temperatures 1–2°C

ity, perhaps owing to its recent introduction to the Atlantic from the

warmer than conspecifics hosting other symbiont types, and corals

Indo‐Pacific (Pettay, Wham, Smith, Iglesias‐Prieto, & LaJeunesse,

that become dominated by D. trenchii due to a bleaching event do

2015). This suggests that genotypic variability at our sites was like-

gain increased heat tolerance (Silverstein, Cunning, & Baker, 2014).

wise low. If either of these scenarios were the case for the sym-

On the other hand, D. trenchii is associated with depressed calcifica-

bionts in our study, then this would suggest that the coral host is

tion that could impact reef accretion (Pettay et al., 2015), as well as

indeed playing the leading role in the degree of heat resistance

altered metabolic and immune activity indicative of suboptimal sym-

gained from D. trenchii.

biosis in heterologous hosts (Matthews et al., 2017). Long‐term mon-

Finding (using two independent methods) that the majority of

itoring data at one of the inshore sites sampled here (UKI1, Cheeca

sampled colonies were dominated by D. trenchii was unexpected,

Rocks) revealed significantly less bleaching in 2015 versus 2014

since previous work consistently reported that O. faveolata from the

despite the fact that 2015 was hotter (Gintert et al., 2018). Calcifica-

Florida Keys were dominated by symbionts in the genus Breviolum

tion in O. faveolata at Cheeca Rocks was depressed and similarly low

(formerly clade B) (Baums, Johnson, Devlin‐Durante, & Miller, 2010;

following bleaching in 2014 and 2015 relative to non‐bleaching

Kemp et al., 2015; Thornhill et al., 2009). The shift in dominance

years (Manzello et al., 2018). These observations are all in line with

from Breviolum to D. trenchii throughout the Keys is most likely the

what is predicted to occur with a shift to D. trenchii. However, reef‐

result of the back‐to‐back summer bleaching episodes in 2014 and

scale carbonate production at Cheeca Rocks was resilient to bleach-

2015, since D. trenchii can become dominant during and after

ing and actually increased during the second year of bleaching,

bleaching (Kemp et al., 2014; LaJeunesse, Smith, Finney, & Oxen-

owing to a slight increase in coral cover (Manzello et al., 2018).

ford, 2009). We cannot rule out that this region‐wide change was

Despite the fact that calcification did decline with bleaching, the

due to differential mortality, such that the corals dominated by Brevi-

community‐wide bleaching resilience ultimately led to resilience in

olum died, and we preferentially sampled the D. trenchii‐dominated

carbonate production. Clearly, more work is necessary to understand

survivors. However, we argue that it is more likely that shuffling

the ecosystem‐scale ramifications of dynamic coral–algal symbiotic

drove this change in region‐wide symbiont dominance given that

associations with thermal stress.

O. faveolata is well documented to host multiple symbiont genera

Annual bleaching scenarios are predicted to occur around the

simultaneously as well as readily shuffle to dominance by D. trenchii

year 2050 for most reefs globally (Hoegh‐Guldberg et al., 2007).
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Recent predictions based on long‐term, in situ temperature data sug-

if there are any inshore–offshore differences in coral heterotrophy

gest this may occur sooner, perhaps as early as the next decade in

that may be linked to bleaching resilience.

the Florida Keys (Manzello, 2015). It is generally assumed that

High CO2 in combination with high temperature has been

repeated bleaching will result in compounded impacts, such that

reported to exacerbate bleaching (Anthony, Kline, Diaz‐Pulido, Dove,

each successive bleaching event will have similar or worse impacts

& Hoegh‐Guldberg, 2008), though this has been contradicted by

than the prior event. However, data on back‐to‐back bleaching

other studies (Noonan & Fabricius, 2016; Wall, Fan, & Edmunds,

events are limited and the studies that do exist have tended to yield

2013). The very low pH values at the inshore sites during recovery

nonintuitive results. At UKI1, there was a community‐wide acclimati-

did not have a negative impact as every coral inshore, no matter the

zation response to back‐to‐back bleaching in 2014 and 2015,

degree of bleaching severity in September 2015, completely

whereby bleaching prevalence, severity, and mortality were lower

regained normal pigmentation. In fact, the region with the lowest pH

during the 2nd year of bleaching despite higher thermal stress (Gin-

in the fall/winter and highest in spring exhibited the highest bleach-

tert et al., 2018). Laboratory studies have shown that back‐to‐back

ing resistance. The data presented here confirm previously published

bleaching can turn some coral species thought to be winners, or

patterns for seawater pH in the Florida Keys (Manzello, Enochs,

resistant to heat stress, into losers and vice versa (Grottoli et al.,

Melo, Gledhill, & Johns, 2012). The large range of pH, in addition to

2014). Multiple studies have shown that corals are often less

temperature, at UKI could be stress hardening corals there, but

impacted by a second bleaching event when events are separated by

future work is necessary to understand if there is any link between

several or more years (Glynn, Maté, Baker, & Calderon, 2001; Guest

pH and bleaching, as well as if these sites are more or less suscepti-

et al., 2012; Maynard, Anthony, Marshall, & Masiri, 2008; McClana-

ble to ocean acidification.

han, 2017). Yet, other studies have observed the expected pattern

The high frequency of clonality for O. faveolata was unexpected,

of additive, negative impacts with multiple bleaching events (Neal et

especially given that care was taken to avoid sampling coral colonies

al., 2016; Riegl & Purkis, 2015). Warming is and will cause large‐scale

adjacent to one another that appeared to have been generated by

deleterious impacts to coral reefs (e.g., Hughes et al., 2017), but the

fragmentation or fission. Recent work has also reported a high

details for how this will play out are less clear. One such outcome of

degree of clonality in O. faveolata from one of two sites in the Flor-

repeated bleaching events could be region‐wide switching to heat‐

ida Keys (Miller et al., 2017). Clonality was greatest on the inshore

tolerant symbionts in flexible coral species as we have shown here

reefs. Inshore reefs have elevated rates of macro bioerosion, corals

for the Florida Keys. If there are limited recovery periods as

with low skeletal density, and reef frameworks that are uncemented

expected under annual bleaching, it seems likely that heat‐tolerant

(James, Ginsburg, Marzalek, & Choquette, 1976; Risk & Sammarco,

symbionts will persist and not be competitively displaced.

1991; Sammarco & Risk, 1990). All of these factors contribute to the

Surprisingly, we saw no correlation of any of the examined envi-

physical dislodgment and fracture of corals that could be facilitating

ronmental factors with bleaching. Turbidity has been associated with

the abundance of clones inshore. In this regard, it is notable that clo-

bleaching resistance and resilience elsewhere. Corals in the bays of

nal groups are spatially intermixed (Figure S3), suggesting that bro-

Palau were more bleaching resistant than corals from offshore envi-

ken‐off fragments are being generated by wave action (Dubé,

ronments (van Woesik et al., 2012). These bays are warmer and

Boissin, Maynard, & Planes, 2017), perhaps as a result of storm or

have lower light, owing to higher levels of turbidity, and also have

hurricane impacts (Foster, Baums, & Mumby, 2007; Foster et al.,

very low pH (Shamberger et al., 2014). A turbid reef in Singapore

2013). Hurricane frequency explained 26% of the variation in clone

exhibited high resilience to bleaching, even in those species that are

abundance in O. annularis, but the steepness of the reef slope was

usually highly susceptible to bleaching (Guest et al., 2016). In our

an equally good predictor (Foster et al., 2013). Conversely, hurricane

case, the more turbid inshore sites did not universally experience

frequency did not explain much of the variation in clonality observed

lower light than offshore, and the inshore site in the Upper Keys

in A. palmata across the Caribbean; instead, continental shelf area

actually had the highest PAR values of all sites during spring. While

was the best predictor as wider shelves had more clones (Baums,

we do not have light data leading up to bleaching, the patterns show

Miller, & Hellberg, 2006). The rate of asexual reproduction likely

that the hypothesis that inshore reefs suffer less from bleaching

depends on both the rate of fragmentation and the probability of

because shading (via increased turbidity) limits photooxidative stress

fragments’ reattachment and survival, which may be higher with the

may be too simplistic. The inshore sites tend to be shallower; thus,

lower wave energies on inshore reefs that have little or no reef

despite elevated turbidity they can still receive comparable or even

slope. Not a single clone was found at more than one reef site, indi-

greater PAR doses than the offshore sites. It has also been sug-

cating that the limit for this fragment dispersal is probably on the

gested that inshore bleaching resistance may be due to higher het-

order of a few tens of meters.

erotrophic feeding as a result of the higher turbidity (Lirman & Fong,

Taken together, our results show that in the Florida Keys,

2007). To date, there is no evidence for the hypothesis that elevated

O. faveolata coral–symbiont associations have adapted and/or accli-

turbidity leads to increased heterotrophic feeding that could con-

matized on inshore reefs to conditions up to ~1°C warmer than the

tribute to bleaching resilience of inshore reefs in the Florida Keys

offshore sites. Despite the fact that 2014 and 2015 were two warm-

(Teece, Estes, Gelsleichter, & Lirman, 2011; Towle, Carlton, Langdon,

est years on record for the Florida Keys (Gintert et al., 2018; Man-

& Manzello, 2015). Future research is required to better understand

zello, 2015), total coral cover at the inshore sites in August 2016
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reflected prior patterns and was significantly higher than offshore
(Lirman & Fong, 2007; Ruzicka et al., 2013). Thus, the inshore sites
have still not undergone the decline seen offshore. In fact, the highest abundance of O. faveolata is where it was most bleaching resistant (UKI: Table 4), suggesting a causal link between heat tolerance
and ecosystem resilience.
Although we did not detect genome‐wide population structure in
the coral host between our sites, it might be detectable in the symbionts upon their in‐depth genomic analysis as previously shown for
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selection removing immigrants bearing locally maladaptive alleles of
specific genes (the Levins, [1964)] model of adaptation). Even if such
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