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1 | INTRODUCTION

Coral reefs worldwide are threatened by a combination of local

and global stressors, including anthropogenic climate change

| Justin B. Greer!

| lliana Baums?® | Brooke Gintert® |

Abstract

As coral reefs decline, cryptic sources of resistance and resilience to stress may be
increasingly important for the persistence of these communities. Among these
sources, inter- and intraspecific diversity remain understudied on coral reefs but ex-
tensively impact a variety of traits in other ecosystems. We use a combination of field
and sequencing data at two sites in Florida and two in the Dominican Republic to
examine clonal diversity and genetic differentiation of high- and low-density aggre-
gations of the threatened coral Acropora cervicornis in the Caribbean. We find that
high-density aggregations called thickets are composed of up to 30 genotypes at a
single site, but 47% of genotypes are also found as isolated, discrete colonies outside
these aggregations. Genet-ramet ratios are comparable for thickets (0.636) and iso-
lated colonies after rarefaction (0.569), suggesting the composition of each aggrega-
tion is not substantially different and highlighting interactions between colonies as a
potential influence on structure. There are no differences in growth rate, but a sig-
nificant positive correlation between genotypic diversity and coral cover, which may
be due to the influence of interactions between colonies on survivorship or fragment
retention during asexual reproduction. Many polymorphisms distinguish isolated
colonies from thickets despite the shared genotypes found here, including putative
nonsynonymous mutations that change amino acid sequence in 25 loci. These results
highlight intraspecific diversity as a density-dependent factor that may impact traits

important for the structure and function of coral reefs.
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(Hoegh-Guldberg et al., 2007). As contemporary coral reefs face
increasingly stressful environments, the ability to respond to new
conditions is critical for the persistence of individual species and
the ecosystems they create. The potential for acclimation and
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adaptation in corals has been documented in increasing detail in
recent years (Barshis et al., 2013; Bay & Palumbi, 2015; Bay, Rose,
Logan, & Palumbi, 2017; Matz, Treml, Aglyamova, & Bay, 2018;
Palumbi, Barshis, Traylor-Knowles, & Bay, 2014), but factors such
as diversity, genotype interactions, and density dependence of dis-
turbance response in foundational species may also play a role in
the short-term sustainability of some ecosystems (Reusch, Ehlers,
Hammerli, & Worm, 2005).

The contemporary distribution of the branching stony coral
Acropora cervicornis includes discrete, isolated colonies and very
dense interlocking assemblages called thickets that may cover ex-
tensive substrate (Dustan & Halas, 1987; Goreau, 1959; Lirman et
al., 2010; Morelock & Koenig, 1967). Acropora cervicornis thickets
have traditionally been assumed to be monoclonal (Vargas-Angel,
Thomas, & Hoke, 2003) based on the high frequency of fragmen-
tation (Tunnicliffe, 1981). Early observations using self-recognition
assays documented clonality among neighbors and, occasionally,
colonies separated by tens of meters of substrate (Neigel & Avise,
1983). Genetic markers also document clonality of massive morphol-
ogies, suggesting that fragmentation is common for multiple species
on Caribbean reefs (Foster, Baums, & Mumby, 2007; Foster et al.,
2013; Manzello et al., 2018; Studivan & Voss, 2018). However, previ-
ous work shows that genetic diversity in A. cervicornis is present and
variable over small spatial scales such as individual reefs, meaning
that sexual reproduction and recruitment are also important drivers
of contemporary populations (Drury et al., 2016; Reyes & Schizas,
2010; Vollmer & Palumbi, 2007). The congeneric Acropora palmata
also occurs in both monoclonal and genotypically diverse assem-
blages that vary between individual reefs (Baums, Devlin-Durante,
& Laleunesse, 2014; Baums, Miller, & Hellberg, 2006).

The density of thickets and sessile nature of corals creates the
opportunity for ongoing interactions between individuals, which in-
fluence community response in other ecosystems (Hughes, Inouye,
Johnson, Underwood, & Vellend, 2008; Stachowicz, Kamel, Hughes,
& Grosberg, 2013). Because A. cervicornis populations on a reef can
be diverse, dense aggregations with interlocking branches create
potential for interactions between multiple genotypic combinations,
but colonies that are not in close proximity may be less likely to be
influenced by neighbors. High-density negatively influences growth,
branching rate, and survival in experimentally manipulated A. cer-
vicornis (Griffin et al., 2015; Ladd, Shantz, Nedimyer, & Burkepile,
2016), but a notable gap exists at the intersection of density and
diversity, including field or genetic research on corals naturally oc-
curring at high densities.

Intra- and interspecific diversity influence various ecological
outcomes in other ecosystems, including the structure of associ-
ated invertebrate communities (Johnson, Lajeunesse, & Agrawal,
2006), disease resistance (Zhu et al., 2000), nutrient cycling, stress
resistance (Hughes & Stachowicz, 2004), resilience after distur-
bance (Reusch et al., 2005), and productivity (Huang et al., 2018).
These impacts may be particularly pronounced in foundational
species, which form structure that influences other species in the
community (Barbour et al., 2009). Recent work has also documented
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interspecific diversity as an important factor in coral growth, survi-
vorship, and productivity (Clements & Hay, 2019; McWilliam, Chase,
& Hoogenboom, 2018), but our understanding of the potential influ-
ences of genotypic diversity or genet-genet interactions on commu-
nity function in marine ecosystems is limited (Stachowicz, Bruno, &
Duffy, 2007).

We use field and next-generation sequencing data from isolated
and thicket communities of the threatened coral Acropora cervicor-
nis to examine (a) the genetic composition of each reef surveyed in
Florida and the Dominican Republic, (b) differences in cover, growth,
and bleaching impacts related to colony density, and (c) genetic dif-
ferences between thickets and isolated colonies that may contribute
to phenotype.

2 | METHODS

2.1 | Study sites

Sites with high density of coral were selected based on previous
work and personal observation (Drury, Manzello, & Lirman, 2017;
Lirman et al., 2010). Sunny Isles (~4 m depth) is found on nearshore
consolidated hardbottom north of the Port of Miami in the north-
ernmost region of the Florida Reef Tract, Cheetos (~3 m) is located
in the central part of large patch reef north of Key Largo, approxi-
mately 75 km south of Sunny Isles. Cayo Carenero is near the mouth
of Samana Bay in the Dominican Republic on a nearshore reef
(~5 m), while Punta Rusia is on the exposed northern coast of the
Dominican Republic (~7 m) detailed in Lirman et al. (2010). Among
these sites, the colony morphology at Punta Rusia is unique, formed
by extremely long branches and sparsely branching, open colonies.

The Dominican Republic sites are approximately 235 km apart.

2.2 | Sample collection

Collections were made at two reef sites in Florida and two sites in
the Dominican Republic (Figure 1a) between June 2014 and May
2015. At each site, samples were collected from (a) gridded plots
covering continuous coral (Figure 1b) and (b) discrete, isolated sam-
ples from colonies outside the boundaries of the thicket (Figure 1c).
Plots were randomly placed over areas of high coral cover and sized
based on coral cover present to capture the largest continuous ex-
tent possible within a site (see Figure 1b).

Within thickets, a square was created with masonry line, and leaded
line marked at 1 m intervals was moved in 1 m steps across the plot
to create a grid. At each interval, flagging tape was used to mark the
branch tip closest to the sampling point (Figure 1b) and a single branch
tip (0.5 cm) was sampled. Rarely, areas of the thicket with no live coral
cover required a branch to be selected up to ~20 cm from the marked
point. For isolated collections, discrete colonies (originating from a sin-
gle basal attachment or clearly continuous tissue of a single colony) at
the same site >4 m from the boundary of the dense assemblage were
haphazardly selected and a single sample was collected. Sampling col-
onies outside the thicket was limited by the availability of corals that
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FIGURE 1 Map of sampling locations. (a) Two sites in the Dominican Republic and two sites in Florida were sampled, with collections
from thickets and isolated colonies at each site. (b) Representative photographs of thicket from Sunny Isles composed of continuous
interlocking skeleton at high densities. Orange flagging tape (foreground) was used to mark branches on a 1-m grid for sampling. Line
(background) marked the boundaries of the plots. (c) Photograph of representative isolated colony from Sunny Isles. Isolated colonies were
collected >4 m from the boundaries of a thicket and were discrete units clearly originating from a single individual. Colony diameter is

approximately 25 cm

met the spacing and isolation requirements. At Punta Rusia (Dominican
Republic), isolated colonies were not present, so isolated colonies from
areef ~10 km away were sampled. In total, 100 samples were collected
from each thicket in Florida, and 150 (Cayo Carenero) and 50 (Punta
Rusia) were collected from each site in the Dominican Republic. The
A. cervicornis assemblage in Punta Rusia was smaller than other sites,
so sampling effort was focused on Cayo Carenero, causing the imbal-
ance in sample size. In addition, 20-25 isolated colonies were sampled
at each site.

Additional samples were collected from floating structures in the
Miami-Dade nursery (Drury, Schopmeyer, et al., 2017) to create intrain-
dividual genetic differentiation thresholds for calling clones. Between
6 and 9 biological replicates from different branches of each of five
genets were collected (n =41 total). These biological replicates are
“ramets” (i.e., pieces) of the same “genet” (i.e., genetically unique coral
colony) and are expected to produce genetic distance patterns similar
to asexual propagation of a genet across a wild reef.

All samples were collected with a clean razorblade by fragment-
ing 0.5 cm of each branch tip, selecting the apical only to minimize
symbiont contamination. Samples were transferred to 250 pl of
chaotropic salt preservative (4.5 M guanldinium thiocyanate, 2% N-
laurylsarcosine, 50 mM EDTA, 25 mM Tris-HCL pH 7.5, 0.2% anti-
foam, 0.1 M b-mercaptoethanol). Samples were stored at 4°C until

processing.

2.3 | Photographs and landscape mosaics

To document the status of thicket assemblages and measure coral
cover, photographs were collected at all sites. For the photograph

surveys, a down-facing dual still camera platform with two Nikon
DSLR cameras was swum by a diver over the plot, collecting imagery
at arate of 1 image per second. Photographs were recorded approxi-
mately 2 m above the substrate at each site. To calculate percent
cover for each plot at all sites, 10 raw images were randomly se-
lected from each plot and 25 random points were assessed within
each photograph using Coral Point Count (Kohler & Gill, 2006).

For the sites in Florida, images were assembled into a compos-
ite landscape mosaic following Gracias, Van Der Zwaan, Bernardino,
and Santos-Victor (2003) creating a single, spatially explicit image by
combining many smaller overlapping images, each covering a small

portion of the mapped seabed (Lirman et al., 2007).

2.4 | Growth and bleaching data

Growth was measured within thickets and isolated colonies at both
Florida sites during 2014-2015. No growth data were collected from
the Dominican Republic due to logistical constraints. Cable ties were
attached to sample branches of isolated colonies and colonies within
thickets at 2 cm from the apical and then measured after ~6 months
to compare growth rates of each assemblage. Rates were standard-
ized to 1 year for comparison.

The thermal maximum in 2015 caused severe bleaching through-
out the Florida Reef Tract (NOAA Coral Reef Watch 2015), so dis-
turbance response was assessed at Cheetos Reef during this event.
No data were available from the other three sites due to logistical
constraints. Bleaching data were quantified through photographs
of Cheetos thicket, a nearby outplant site (~30 m away) from Drury,
Manzello, et al. (2017) and data from the Florida Reef Resilience
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Program (FRRP; http://frrp.org/). In 2015, only 92 A. cervicornis
colonies were observed in FRRP surveys, equaling 0.038 colonies/
m? surveyed, which we consider to be highly isolated. Data from
FRRP detail bleaching status by colony from two nonoverlapping
10 m x 1 m belt transect surveys at random reef sites throughout
the Florida Reef Tract. We extracted bleaching status scores of all
A. cervicornis surveyed in Miami-Dade County and the Upper Florida
Keys between September and October 2015. Outplanted corals
compared within this site were outplanted in March 2015, 8 months
prior to bleaching observations, and included 12 genets, including
three local genets collected from within ~20 m of the outplant plot
(Drury, Manzello, et al., 2017). There was no genotypic overlap be-
tween studies. Landscape photographs of Cheetos thicket were
collected during September 2015. Random points (n = 46) were
overlaid on these photographs, and bleaching status (Bleached,
Partially Bleached, Pale, None) was assessed for each point. The
same criteria were assessed in photographs of 52 outplanted corals
on the same reef from August 2015 (Drury, Manzello, et al., 2017).

2.5 | DNA isolation and library preparation

Corals from thickets (n =319), isolated colonies (n =75), and the
nursery structures (n = 41) were processed. Samples consisting of
skeleton and tissue were homogenized using silica beads in original
collection tubes and extracted using a modified silica column and
vacuum manifold protocol following Ivanova, Dewaard, and Hebert
(2006). Samples were randomized at the DNA extraction step to
minimize subsequent library preparation and sequencing artifacts.
Each extracted sample was quantified (AccuBlue™ High-Sensitivity
dsDNA Quantitative Solution), and 100 ng of DNA from each sample
was dried down and rehydrated in 5 pl water. Libraries were pre-
pared as in Drury et al. (2016) using a modified protocol of Elshire
et al. (2011). Briefly, each library was digested with ApeKI to pro-
duce restriction fragments, which were bead-purified to remove
fragments <100 bp. 4-9 bp barcodes unique to each sample and a
common adapter were ligated to fragments (see Elshire et al., 2011
for adapter sequences), and ligated samples were pooled and bead-
purified to select fragments in the 100-250 bp range. Pooled sam-
ples were PCR-amplified for 18, 20, 22, and 24 cycles (Drury et al.,
2016) using primers complementary to the oligonucleotides used in
llumina flow cells to facilitate sequencing. PCR products were bead-
purified, eluted in 10 mM Tris, and analyzed via gel electrophoresis.
All PCR products were run separately on an Agilent Bioanalyzer,
and the library with the highest concentration of fragments from
200 to 300 bp was selected. Samples were sequenced as part of a
larger project across three lanes using single-end 75 bp reads on an
Illumina HiSeq 2500 (Elim Biopharmaceuticals Inc., Hayward, CA).

2.6 | Sequence data processing

Raw sequences were processed using a parsing script modified
from Melo, Bartaula, and Hale (2016) to remove reads without a
barcode and cut site. Trimmomatic 0.32 (Bolger, Lohse, & Usadel,

Fcology and Evolution o 4521
& WILEY- L%

2014) was used to remove low-quality bases at the leading and
trailing end of reads and to remove reads where a 4-bp sliding
window average read quality fell below a phred score of 20 as
an initial filtration step. Reads were demultiplexed to sample ac-
cording to barcode using a modified script from Melo et al. (2016).
Reads (599,736 + 819,421 [mean +SD] per sample) were aligned
to the Acropora digitifera genome v1.1 to exclude symbiont reads
and improve alignment (Shinzato et al., 2011) using Bowtie2 with
default settings (Langmead, Trapnell, Pop, & Salzberg, 2009).
Alignment files were analyzed using ANGSD (Korneliussen,
Albrechtsen, & Nielsen, 2014), which incorporates genotype un-
certainty into analyses and is therefore useful for low read depth
data.

To examine clonality, samples from each site were analyzed
alongside the biological replicates (i.e., branches from the same
genet). Next, the identity-by-state (IBS) function was used with
a randomly sampled base at each site with quality score >25 and
mapgq >30 to produce a distance matrix following Manzello et al.
(2018). This strategy reduces the bias due to low/variable number
of reads by randomly sampling bases instead of calling variants.
Natural fragmentation would be expected to produce patterns of
genetic distance between branch replicates (i.e., ramets) of the
same genet similar to those found between ramets of the same
genet on a wild reef, so replicates were used to create a thresh-
old for assessing the contributions of fragmentation in the larger
dataset.

To examine loci which vary between thickets and isolated col-
onies, data from each group were pooled across sites and then an-
alyzed separately for thickets and isolated colonies. This sampling
did not include any outplanted corals or nursery collected corals.
Genotype likelihoods were calculated for each sample using the
GATK method implemented in ANGSD, then major and minor al-
leles were inferred from these likelihoods and polymorphism was
assessed on a per site basis with a p-value cutoff of 2 x 107, These
inputs were used with the expected-maximization algorithm (Kim
et al., 2011) to produce allele frequencies for each locus in thickets
and isolated colonies. Frequencies were compared between assem-
blages by classifying each locus as (A) matched (same or reversed
major and minor allele) or (B) mismatched (any combination of differ-
ent alleles). For matching alleles, the difference in allele frequency
between thickets and isolated colonies was calculated and plotted.
Frequency difference ~0.3 was used as a cutoff and all matched loci
with an allele frequency difference larger than this cutoff (n = 129)
and all loci with mismatched alleles (n = 169) (were retained for
downstream processing (n = 298 loci called in 37 + 35 mean + 1SD
samples).

We further tested that large allele frequency differences ob-
served were not due to chance/demographics for the 298 loci exam-
ined downstream. Each sample was randomly re-assigned to isolated
or thicket, maintaining the original sample size, and the allele fre-
quency differences were recalculated as above. This process was
repeated 20 times, and a distribution of the allele frequency differ-
ences was created for each locus. A z-score was calculated for the
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observed allele frequency differences between thickets and isolated
groups for each locus in the random distribution, and the p-value
was calculated.

Match rate was recalculated for the randomly assigned groups,
and the proportion of replicates which agreed with the original
analysis was calculated. Low values for this proportion indicate
that the mismatched alleles in the thicket and isolated comparison

are unlikely due to chance.

2.7 | Nonsynonymous SNP identification

For both matched and mismatched loci, genes and exons were iden-
tified using the Acropora digitifera transcript annotation from NCBI
(ref_Adig_1.1_scaffolds.gff3.gz). A full list of genomic features con-
taining each SNP can be found in Supporting Information Data S2,
see Dryad. SNPs contained within exons of protein-coding mRNAs
were used for downstream analysis. For these loci, mRNA accessions
from the transcript annotation were used to obtain FASTA sequences
with NCBI Entrez (https://www.ncbi.nlm.nih.gov/sites/batchentrez).
A custom script was then used to replace the appropriate base pair
with the identified alternate nucleotide. mMRNA sequences were
aligned using EBI Omega (Sievers et al., 2011) to confirm proper base
pair replacement. If a SNP was contained in more than one mRNA
splice variant, each variant was assessed independently.

To examine whether SNPs with mismatched alternate alleles re-
sulted in a change in protein, modified mRNA sequences were trans-
lated into protein sequences using Expasy translate (Gasteiger et al.,
2003) and aligned using EBI Omega. Synonymous SNPs were further
investigated to determine whether they were in an untranslated re-
gion (UTR) or in the coding region but were synonymous. Possible
annotations for nonsynonymous SNPs without protein names were
identified using NCBI blastp, hidden markov model protein domain
searches with hmmer (v3.1b2), and transmembrane region identifi-
cation with tmHMM (v2.0c).

2.8 | Analyses

We modified the clonality analysis of Manzello et al. (2018), using
the 95th percentile of identity-by-state (IBS) values for branch
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replicates of the same genet as a threshold (Figure 2a). The av-
erage pairwise genetic distance between branch replicates of
the same genet was 0.0031 + 0.0005 (Mean £+ 1 SD) with a 95th
percentile of 0.0041 (Figure 2a). This technique produces a more
accurate clustering than a random hierarchical tree, but does not
fully resolve each sample into a “monophyletic” group, so differ-
ences below this threshold are interpreted as a mixture of random
sampling during IBS generation, somatic mutations, sequencing,
and/or processing errors. Samples with pairwise values below
this value were considered to be ramets of the same genet, and
samples above this threshold were considered separate genets. To
evaluate sitewide patterns in fragmentation, hierarchical cluster-
ing using the “complete” method was performed in R using hclust.
This method creates similar clusters, avoiding the “chaining” of sin-
gle-linkage methods and produces trees where all samples within
a node have a pairwise distance value lower than that node, ef-
fectively identifying a genet. The complete method favors iden-
tifying clusters where all pairwise differences are below a given
value at the expense of potentially placing some ramets in sepa-
rate clusters. Genet lists were created using hclust and plotted
based on grid coordinates from sampled thickets. Genet lists were
used to compare sharing of genets between thickets and isolated
colonies, calculate distance between ramets within plots, and cal-
culate diversity statistics including genet-ramet ratio (humber of
observed genets/number of samples: Ng/N). These data were used
with genets representing biological groups to calculate Shannon's
diversity index and rarefied genet richness in the R package vegan
(Oksanen et al.., 2010). Rarefaction clonal richness and Ng/N were
calculated for n = 14, the smallest sample size in any plot/isolated
colony grouping.

To examine functional differences between thickets, a t-test
was used to compare growth between assemblages within sites for
Cheetos and Sunny Isles. A two-way chi-square goodness-of-fit test
was used to evaluate differences in distribution of bleaching status
between FRRP data, outplanted corals, and thicket corals. A linear
mixed model with random slope for Cover ~ Genet Diversity with
site and plot as random effects was fitted using the R package Ime4
(Bates, Machler, Bolker, & Walker, 2014). This model was compared

to the null model with Genet Diversity removed with a likelihood

FIGURE 2 Between-ramet pairwise
genetic differences and genet trees. (a)
Sequence data from biological replicates
of five individual genotypes were used
to create an identity-by-state (IBS)
threshold for examining clonality. The
95th percentile of the distribution was
then used in (b) hierarchical clustering
analysis to describe clones from thickets
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and isolated colony samples within each
site. Example data provided from Cheetos,
all other clustering trees are in Supporting
Information Figure S1
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ratio test for significance. Proportion of variance explained was cal-
culated with the R package MuMin.

3 | RESULTS

3.1 | Genotypic diversity patterns

Using the 95th percentile as the between genet cutoff for identity-
by-state, there were between 13 and 30 genets per site (Figure 2b,
Supporting Information Figure S1), with a generally higher genet-
ramet ratio (Ng/N) found in isolated colonies than in thickets at
each site before and after rarefaction (Table 1). Thickets and iso-
lated colonies share genets at each site, with between 40% and
60% of genets found in both assemblage types (Figure 3). Few
genets are exclusively found as isolated colonies. Ramets of the

same genet were found near the maximum distance possible given

Florida

CHEETOS

SUNNY ISLES

the plot design, and genet maps show that ramets were spread
over 20 m at Sunny Isles (Figure 3). N,/N also varied extensively
within a site. Ng/N is higher in isolated colonies than thicket plots,
falling between 0.450 and 0.714 at Cheetos and Cayo Carenero.
Overall, Punta Rusia (DR) was the most genotypically diverse site
with the highest sitewide N,/N, while Cheetos (FL) was the least
diverse (Table 1). In general, the Dominican Republic was more
genotypically rich, with higher average Shannon's index and rare-
fied clonal richness values compared to Florida. Cheetos contains
a notable outgroup with five samples that are substantially dif-
ferent from others at the site. Sunny Isles contains a very large
genotype that appears to be extensively fragmented (Supporting
Information Figure S1). Percent cover is significantly related to
Shannon's Diversity Index across all sites and plots (likelihood
ratio test: (;((21) =4.28,p = 0.038), Figure 4a). The fixed and random
effects in this model explain 55.3% of the variance.

Dominican Republic

1 Isolated Only

Shared Thicket Only

CAYO CARENERO

PUNTA RUSIA

FIGURE 3 Spatial patterns of relatedness in thickets. Grids represent explicit spatial relationship of clonality as determined by
hierarchical clustering. Plots are organized by site, with color and number corresponding to clonal identification of each sampling point.
Similar colors and closer numbers represent shorter IBS distances. Clonal identification colors and numbers apply between plots within

a site, but not across sites. Sampling points with a black border represent clones that were also found in the isolated colonies. Pie charts
represent the proportion of clones that were found in either assemblage or shared on a sitewide basis, with the number of genets on each
slice. There were no isolated colonies at the same site for Punta Rusia, so colonies were collected ~10 km away, and shared genets are not
calculated. Gaps represent samples that were excluded due to sequencing issues. Scale bar relative to within-plot samples, not between

plots
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FIGURE 4 Diversity and site influence on cover, growth, and bleaching. (a) The best fit from the linear mixed model between percent
cover of a plot and its diversity, determined by treating clonal groups as “species” within Shannon's Diversity Index calculations. Colors
represent sites as in Figure 1a. Two separate plots from Punta Rusia are present, but the Diversity index was almost identical so they are
difficult to distinguish. (b) Growth distributions of isolated (circles) and thicket (triangles) colonies at Cheetos and Sunny Isles with colors
representing sites as in (a). (c) Bleaching status as assessed by Florida Reef Resilience Program (FRRP) for Cheetos thicket corals, outplanted
corals, and FRRP-surveyed individuals in Miami-Dade and Broward counties. Significance values are for chi-square tests for all comparisons

and for the comparison of only FRRP and thicket

3.2 | Growth and disturbance response

Growth was not significantly different between thicket colonies and
isolated colonies at Cheetos (t(uz) =0.032, p = 0.975) or Sunny Isles
(t(sé) =0.006,p = 0.995; Figure 4b). Only 4% of Cheetos thicket corals
were fully bleached, compared to 87% of outplanted colonies at the
same reef and 32% of regional FRRP-surveyed colonies (Figure 4c).
While some corals remained “healthy” in the thicket and FRRP sur-
veys, outplanted corals all showed partial bleaching or paling. The
distribution of bleaching status between datasets is significantly dif-
ferent (;((26’ 199" 110.3, p < 0.001), and a direct comparison between
thicket and FRRP data is also significantly different (;((231138) =34.6,
p < 0.001). The proportion of nonbleached colonies in thickets (39%)
and FRRP data (36%) is approximately equal; however, the severity
of bleaching in colonies that did suffer from stress is substantially
higher in FRRP corals (Figure 4c).

3.3 | Allelic differentiation

Of 30,985 loci investigated in this study, 87.5% had matching major
and minor alleles for thickets and isolated colonies, 12.0% had a re-
versal of major and minor alleles, and 0.5% had a different major
or minor allele. 298 loci were further investigated, including 129
loci with large differences (>0.3) in allele frequency and 169 loci
with different alleles. Of these, 175 (57.8%) were within a gene and

79 (26.7%) were within exons in those genes, including 70 loci in

protein-coding regions of mRNAs, eight in long noncoding RNAs,
and one for valine tRNA (Supporting Information Data S2, see
Dryad). 89 loci (71% of those analyzed with large differences in al-
lele frequencies) had significant z-scores after Bonferroni correction
(p < 0.0004). Among SNPs with different alleles in thicket and iso-
lated colonies, 140 (83%) had a distinct pattern in observed changes
when compared with random resampling (i.e., less than 20% of rep-
licates were also mismatched). Nonsynonymous changes in nucleo-
tides between groups resulting in different amino acid sequences
were identified for 25 loci (Table 2).

4 | DISCUSSION

We examine the threatened staghorn coral Acropora cervicornis
at a range of contemporary natural densities in Florida and the
Dominican Republic, finding differential clonal propagation and al-
lelic differences between thickets and isolated colonies. We also
found evidence of a positive relationship between coral cover and
genotypic richness across sites and plots, which we believe is the
first evidence for a functional outcome of genotypic diversity in
reef-building corals.

Clonality patterns found here show that both fragmenta-
tion and sexual recruitment contribute to the creation of thickets.
The Ng/N varied over threefold within thicket plots, representing
nearly monoclonal and diverse assemblages influenced by sexual



‘uopod dojs ainjewsaud e ul 3NsaJ Jey) suoljeInial,
*(Z UOI329S 93S) SUOIIEJOUUE JNO JUSSIIdal 1D0] PazIIa}deleydun Joy Sol[e} Ul ssweu
VNY ‘SISAjeue ui 20| ||e 104 TS 9|qe] uoljewoju] Suipioddng 295 "saduaIaip 98.4€| YHM Jasejep Suiydlew ayj Jo S3|a||e Joulw JO Jofew JuaIaip YHM siied paydjewsiw ay3 Wo.y 120] Sajedlpul }oseje( 'sajoN

DRURY ET AL.

WI LEy_Ecology and Evolution _

4526

85€£85€£0TD0T1 paziiaideleydpun 149626510 INX 85€£85€£0T
31ungns [ewosoqil SO JO U0IIdNPOId 8ojowoy TA L7 u1a30.d 1692668510 INX €EEVEELOT
M-t
Sulpuiq YNd ura30.d paALISp-JUBWS| 3|qesodsuel} JegAs3id T'TE60T6STO WX 812SYELOT
sojeydsoyd
|oysouljApieydsoyd jo uonejAioydsoydag 1|-D¥dLd @sereydsoyd |oyisouljApireydsoyd 1°C56L68STO WX 781E£€€L0T
ZX Jueuena jdudsuely
1z Je|nj|9de.3ul uisealdul BIA UolIdNpsue.) [eusis DT%T u19304d j1|-T 103dad3. SUBOWSYD D-D 1'6825T65T0 NX €8T6¥EL0T sa|3||e pay2nei
TT1S9SE€£0TD01 paziiajdeleyoun T'6TTET65TO WX T1595€£0T
90€95€£0TDO1 paziiajaeleydun 1'8262C65T0 WX 90€95€L0T
7970S€L0TD0T paziiajoeieyoun TT699T65T0 WX 79%0S€L0T
£988%€£/01D07 paziiaideleydun T¥C6vT65T0 NX ¥988¥€£0T
09987€£0TD0T Paziiajoeleyoun TTILYT6ST0 WX 0998¥€L0T
89¥/¥€L0TD0T paziiapdeieydun T'SOVET65T0 WX 89¥/¥€L0T
7¥0T#EL0TDO paziialaeleydun T TLP9065T0 WX 7¥0TEL0T
SEL0¥€£0TD0T paziiaideleydun 1'CTT9065T0 X SELO¥ELOT
TX JueleA
1dLdsuBI} DTHOEL6EEL0TDOT PaziIadeIeYdUN T'T8Z5065T0 WX 0€66£€L0T
€€96£€£0TD07 paziiaideleyoun 1056706510 X €€96£€L0T
61862€L0TDO1 paziiajaeleydun 1'68¥7685T0 WX 61862€L0T
3ulpuiq Ul [E}OW UOIISUE ] I|-uleAyoydL]. T'T062265T0° WX §9295€L0T
uonesaijold ||92 [eljay1opus saje|nsay 91|-T ura30.d ujulejuod-ulewop dyHL T'STSLT65T0 WX LTTTSELOT
M1|-T u1d304d 3uluiejuod-ujewop uixejuad
8ulpuiqg uol wniajed pue 493 v 9dA} 1010€) PUBIGS||IAA UOA 1YSNS 1'9056685T0° INX 7SSEELOT
uoljepes3ap ui3o.d Je|n||3e.3u| 1|-£-2dA} €39¢ HUNQNS SWOSEI0Id 1'€692685T0 WX TL6LTELOT
|-G Iaquisw
uoronpsuedy [eusis O Ajlwey Sujulejuod-ulewop AZ0jowoy uLi3sI3|d T'0S7€T65T0 WX 97895€/L0T
91|-T utejoud 3ul
Ayanoe g-eddex-4N  -UleJUOD-UIBWIOP UOIIEZIIBWOSI|0 BUIPUI]-2PI303INN T'9T#T065T0 WX 7E€€9€€L0T
T uiajoud surewop
punos jo uoljdadiad Alosuag 1|-ulingoj3ounuwiwi pue sjeadal ydL-auidnaT 1°608206STO INX /09/€€/0T
JJodsueuy Jajjiwisuesioinau ‘AjiAloe Jayiodsuesy
auelquiawsuely ajeweln|3 Ayuije-ysiH 1|-T Jo3Jodsues) pioe oulwe Aloje}dx3 1°5080265T0 X EVEYSELOT
JuaWdo[aAIP S}IPUIP JO LUOIENSDY 91|-€ u19304d BulUIEIUOD-UIBWOP 1YsSNS pue gND T'LSETTESTO WX §98%75€L0T S3]3||e paydjewsiiy
uoroun4g aweu YNy uoISsadde YNY dl ausn jaseyeq

09I 1ga-|qWd WOJ4 SUOIIEIOUUE [BUOIIDUNS UM SUOIIEINW SNOWAUOUASUOU Jo 3|del ¢ 319V.L



DRURY ET AL.

recruitment, respectively (Figure 3). Differences in this scale indi-
cate that thickets can be structured by various mechanisms, such as
genets growing together, single large genets propagating over local
substrate through fragmentation (e.g., Sunny Isles Plot 4, Cheetos
Plot) and through the influence of sexual recruitment. High clonality
and genets shared between thickets and isolated colonies may arise
from the transport of fragments from the thickets to the periphery
as a result of physical disturbance or the dieback of previously con-
tinuous thickets, leaving some ramets isolated from the remainder
of the genet. The variation between highly clonal and highly diverse
plots at different sites highlights the spatial heterogeneity of sexual
recruitment as an influence on thicket development.

Genet-ramet ratios described here are similar to the highest
Ng/N found in previous work on nonthicket samples (Irwin et al.,
2017) and within the range documented for A. palmata throughout
the Caribbean (Baums et al., 2014, 2006), although sampling efforts
and design between studies were different and can influence these
values. In isolated colonies, Ng/N confirms that many colonies of
A. cervicornis on a single reef are of sexual origin and confirms obser-
vations of diverse nonthicket assemblages of Acroporids on modern
reefs (Drury et al., 2016; Reyes & Schizas, 2010). Differences in Ng/N
between thickets and isolated colonies may also be influenced by
sampling design; the use of gridded plots to collect thicket corals
is more likely to resolve clonality than haphazard collections of iso-
lated colonies. To correct for this, we include rarefied Ng/N, which
show slightly higher values in isolated colonies but are surprisingly
similar, highlighting the importance of density or interactions be-
tween colonies. Site-specific patterns in genotypic diversity may
also form a mosaic within larger regions, likely depending on envi-
ronmental conditions, habitat availability, historical population dy-
namics (Baums et al., 2006), and disturbance history (Connell, 1997,
Connell et al., 2004).

The highest coral cover is found in plots with the highest geno-
typic diversity, implying that more diverse coral assemblages facil-
itate higher coral cover. This outcome contrasts previous findings
where ecological performance was not positively related to geno-
typic diversity in Acroporids (Baums et al., 2006; Ladd et al., 2016;
Williams, Miller, & Baums, 2014); however, it is possible that a colony
density threshold must be met to observe this relationship. If this is
the case, this requirement would support the idea that interactions
between colonies are playing a role in the development of thicket
cover.

We were only able to measure growth rates at the two sites in
Florida, where growth was similar between thickets and isolated col-
onies, suggesting that differences in coral cover are a result of mor-
tality or disturbance response and not unusual patterns of growth
within thickets. Likewise, we were only able to obtain bleaching data
from a single site, where we attempted to compare various nonex-
perimental information on bleaching from this time frame using data
from an outplanting experiment on the same reef (Drury, Manzello,
et al., 2017) and concurrent regional bleaching data (FRRP). The hy-
pothesis of differential disturbance response is supported by these
data, although our analysis is opportunistic due to the natural thermal
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stress event. Thicket corals at Cheetos bleached less frequently and
less severely than FRRP and outplanted corals, which may be related
to density effects of the interlocking spatial arrangement.

Several factors limit the interpretation of bleaching compari-
sons. First, outplanted colonies were substantially smaller than the
fully mature colonies comprising thicket and isolated communities,
and size-specific bleaching response could influence this outcome
(Brandt, 2009). Second, our comparisons are limited to a single site
and are confounded by the lack of definitive genotypic overlap be-
tween thicket corals, outplanted corals, and FRRP corals, so results
could be influenced by genotypic response masked by thicket mem-
bership. We also did not have data on isolated colonies sequenced
in this experiment. Nevertheless, 12 genets were outplanted at this
site and suffered high bleaching stress, with at least 75% of ramets
bleaching in all genets (Drury, Manzello, et al., 2017), including three
different genets from that site. In addition, FRRP corals were sampled
across 14 sites spanning ~60 km, likely capturing much of the natural
variability in this region (Drury, Schopmeyer, et al., 2017). Although
our data do not allow for direct comparisons of these trends, we
think that a link between aggregation type and bleaching response is
suggested by the data and warrants further investigation.

We also find genomic differences between corals occurring in
thickets and isolated colonies, so allelic composition may be asso-
ciated with density, structure, or function. Our statistical validation
indicates these differences in allele frequency attributed to thickets
or isolated colonies are infrequently due to chance or demographic
(Supporting Information Data S2, see Dryad). Nonsynonymous mu-
tations like those found here indicate polymorphisms that are the
most likely to have direct impacts on function by altering secondary
protein structure, particularly if the change is to a dissimilar amino
acid in a comparison with different alleles. Several nonsynonymous
SNPs were found in genes integral to cell survival and stress re-
sponse. For example, a nonsynonymous SNP in pleckstrin homol-
ogy family G member 5 results in a premature stop codon in isolated
colonies and an amino acid change in the thicket colony sequences
(Table 2). The shortened sequence is 222 amino acids, compared to
1,322 amino acids for the full protein, likely resulting in production of
a nonfunctioning protein. Importantly, congeneric Acropora palmata
exhibited differential expression of this gene due to thermal stress
between genetically distinct larval families in Puerto Rico (Polato,
Altman, & Baums, 2013), suggesting a functional role in Acropora
species. Many of the genomic differences between thickets and iso-
lated colonies have been implicated in previous research on thermal
tolerance in Acroporids, including protein tyrosine kinase receptors,
zinc finger proteins, ubiquitin, and ankyrin (Supporting Information
Data S2, see Dryad; Barshis et al., 2013; Dixon et al., 2015; Palumbi
et al., 2014; Polato et al., 2013; Rose, Seneca, & Palumbi, 2015).

Synonymous mutations may have fewer direct effects but can
still alter function. Codon bias mutations to nonpreferred codons
can significantly decrease protein production (Carlini & Stephan,
2003) and synonymous SNPs may also affect splicing, resulting in
nonneutral changes (Pagani, Raponi, & Baralle, 2005). Synonymous
mutations within protein-coding exons were observed for several
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potentially important proteins, including multidrug resistance pro-
tein 4 and cytochrome P450. Multidrug resistance protein 4 is a ver-
satile protein which removes substances from cells and may have a
key function cell signaling (Russel, Koenderink, & Masereeuw, 2008)
and cytochrome P450 3A8 (CYP3AS8), involved in cnidarian chemi-
cal defense and stress response (Goldstone, 2008) and heat-stress
response of Symbiodinium (Rosic, Pernice, Dunn, Dove, & Hoegh-
Guldberg, 2010). While neither synonymous nor nonsynonymous
mutations guarantee functional outcomes, these data suggest that
some stress response SNPs may result in changes that alter protein
expression or function, creating differences in stress response be-
tween isolated and thicket corals. It is important to note one limita-
tion of this analysis is that pooling all thicket and isolated samples
from across regions could reflect demographic differences. This may
happen in cases where coverage across individuals from certain pop-
ulations coincided with low coverage in others, but we chose to ana-
lyze all data together to increase the power of describing conserved
differences based on assemblage type and not demographics.

Diversity outcomes (such as differences in coral cover) can be
partitioned into selection and complementarity effects in controlled
experiments, where either sampling or facilitation/niche partitioning
influences the outcome (Loreau & Hector, 2001). Selection effects
occur as the probability of including a genet with a specific trait
(e.g., high growth rate in corals translating to high localized cover)
increases as diversity increases (Stachowicz et al., 2007). Without
explicit data on the performance of specific genets it is impossible to
parse selection and complementarity in our results; however, some
patterns may be informative. Calculating Shannon's Diversity Index
rather than using number of genet accounts for both richness and
evenness, while spatial maps highlight the presence of a range of
naturally occurring genets, suggesting that selection of hyper-suc-
cessful individuals is unlikely to be driving differences in coral cover.
Thus, the positive relationship between genetic diversity and coral
cover could relate to complementarity, influencing cover through fa-
cilitation, niche partitioning or genet by genet interactions (Hughes
et al., 2008). It is also possible that the reverse is true, where density
facilitates diversity through some impact on sexual reproduction or
recruitment. While we find potential to be less likely, our data do not
allow us to conclusively parse cause and effect.

Experimental manipulation of genotypic diversity in A. cervicor-
nis did not influence growth or partial mortality in previous work
(Ladd et al., 2016), but the authors point out that nonrandom or
artificial distribution of genets or limited diversity may have influ-
enced this outcome. Experimental manipulation of species diver-
sity in a restoration project was also inconclusive (Cabaitan, Yap, &
Gomez, 2015), and a meta-analysis found weak negative influence
of diversity on resistance and resilience in coral reefs (Zhang et al.,
2014). Recent work on Pacific species assemblages has documented
increased productivity in multispecies treatments that is also depen-
dent on surface area of colonies (McWilliam et al., 2018). Diversity
can also increase growth and decrease tissue mortality in polycul-
ture (Clements & Hay, 2019), but the impact of intraspecific diversity
remains poorly understood.

Studies of diversity effects are typically confounded by density
(Stachowicz et al., 2007), and we assume that coral cover is related
to colony density in the present study. Coral density negatively im-
pacts growth and branching in experimentally manipulated A. cervi-
cornis (Griffin et al., 2015; Ladd et al., 2016), correlates with growth
anomalies (Aeby et al., 2011), and influences associated invertebrate
communities in Caribbean Acroporids (Baums, Miller, & Szmant,
2003a, 2003b). Acropora corals are the preferred but not the only
prey of gastropod coral predators which leads to the aggregation
of gastropods on coral recruits and remnants of previous thickets
causing colony death (Baums, Miller, & Szmant, 2003b; Knowlton,
Lang, & Keller, 1990). Density may be temporally variable in coral
reef habitats dominated by Acropora cervicornis colonies, which can
be transient, with high fragmentation rates and dynamic spatial pat-
terns (Highsmith, 1982; Walker, Larson, Moulding, & Gilliam, 2012).
In this context, coral genets can be extremely long-lived, even if spe-
cific ramets are not (Devlin-Durante, Miller, Precht, & Baums, 2016;
Irwin et al., 2017). Structural complexity facilitates survivorship
during asexual propagation via retention and stabilization of frag-
ments, initiating and maintaining thickets in Acroporid corals (Baums
et al., 2006). Coral density also interacts with habitat characteristics
such as presence of solid substrate (Lirman, 2000) and reef slope
(Baums et al., 2006; Foster et al., 2013) and the occurrence of phys-
ical disturbance (e.g., hurricanes) to influence the rate of successful
fragmentation (Fong & Lirman, 1995; Hughes, 1994; Lirman, 2000).
Reefs with low coral diversity may suffer from the allee effect, espe-
cially in an obligately outcrossing species such as A. palmata (Baums,
Hughes, & Hellberg, 2005), although A. cervicornis may be somewhat
more susceptible to self-crossing (Fogarty, Vollmer, & Levitan, 2012).
Conversely, high density of diverse genets may facilitate local sexual
reproduction in an “anti-allee” effect (Knowlton, 1992).

Our study sites have much higher coral cover than previous
work in A. palmata, where natural plots contained 2%-5% live coral
(Williams et al., 2014; Williams, Miller, & Kramer, 2008) and exper-
imental plots of A. cervicornis, which contained 10%-20% cover
(J. Griffin & M. Ladd, personal communication). We hypothesize
that a density threshold exists, such that corals growing within
a tight framework such as an A. cervicornis thicket may facilitate
nonadditive effects leading to increased coral cover and potential
differences in stress response. Under this hypothesis, structural
complexity maintains higher survivorship during asexual propaga-
tion via physical capture of complex fragments which bind to the
substrate in place, reducing mortality and further enhancing over-
all diversity. This process could be especially important if it creates
a measurable difference in survivorship in A. cervicornis, which
can be locally ephemeral. Although high-density assemblages in-
fluence growth in experimental settings, specific genet interac-
tions or local adaptation could counteract this pattern in natural
systems. Thermal stress response could also be a developed char-
acteristic of higher density in thickets via self-shading (Goreau &
Macfarlane, 1990) or possible disruption of flow characteristics in
and around colonies (Nakamura & Van Woesik, 2001), leading to
small but potentially important differences in bleaching severity
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or occurrence. Further, thickets reduce predation pressure on in-
dividual ramets via a dilution effect (Baums et al., 2003b). This
hypothesis reflects patterns of complementarity, where niche
partitioning or interactions among individuals that only develop
in dense assemblages produce effects absent or impossible among
more sparsely populated reefs.

As coral reefs continue to face challenging conditions, resilience
or resistance is valuable in any form. Here, we show genetic diver-
sity and high-density assemblages such as thickets of the threatened
coral A. cervicornis may help increase coral cover and impact bleach-
ing stress, providing additional time for evolutionary processes to
allow corals to adapt to stressful conditions.
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