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Abstract Acropora cervicornis and A. palmata have

experienced substantial losses in coral cover throughout the

Caribbean, but their hybrid (A. prolifera) appears to be

increasing at some sites. The shifts in relative abundance

could result from hybridization with subsequent asexual

fragmentation, recent increased hybridization, or a dispro-

portionate loss in the parental species. Here, acroporid taxa

from three U.S. Virgin Islands sites were genotyped

revealing 35 hybrid genotypes, suggesting multiple

hybridization events. Genotypic richness in A. cervicornis

(0.62), A. prolifera (0.64), and A. palmata (0.68) was not

significantly different across sites. To further explore

acroporid dynamics at these sites, we analyzed existing

photo transects from 2009 to 2017 to reveal significant

losses of A. cervicornis but stable hybrid percent cover.

High genotypic richness and stable populations suggest

acroporid hybrids may become the primary shallow reef-

builders in some locations previously occupied by the

parental species.
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Introduction

Caribbean acroporid corals have experienced extensive

declines due to storm events, coral bleaching, and disease

(Hoegh-Guldberg et al. 2007; Hoegh-Guldberg and Bruno

2010). First noted in the 1970s with continued impacts,

white band disease has reduced A. cervicornis (staghorn)

and A. palmata (elkhorn) coral cover by up to 97%

throughout the Caribbean (Gladfelter 1982; Aronson and

Precht 2001; Gignoux-Wolfsohn et al. 2012; Randall and

van Woesik 2015). These species are critical for main-

taining shallow coral reef ecosystems due to their rapid

accretion rates and ability to create complex habitats for

ecologically and economically important reef-dwelling

species (Gladfelter et al. 1978; Brock et al. 2004).

While A. cervicornis and A. palmata have decreased

significantly, the naturally occurring hybrid, A. prolifera,

has been reported at equal or higher abundances than the

parental species at some Caribbean sites (Fogarty 2012;

Japaud et al. 2014; Aguilar-Perera and Hernandez-Landa

2018; Weil et al. 2020). The hybrid has an intermediate

morphology (ESM Fig. 1) and although previously repor-

ted in marginal habitats, has recently been found to co-

occur with one (Fig. 1) or both parental species (Fogarty

2012; Goreau 1959; Gladfelter et al. 1978; Cairns 1982;

Wallace 1999; Cortes 2003). The apparent increase in

hybrid abundance may be from increased survival and

spread of asexually produced fragments from hybridization
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events, disproportionate losses of the parental species, or

production of hybrid colonies through sexual reproduction

between the parental species. Acroporid hybridization can

result from asymmetric losses in the parental species, and/

or weak pre-and post-zygotic reproductive isolating barri-

ers allowing for more frequent hybrid embryo formation,

and weak selection on hybrid adults (Fogarty 2010; Fogarty

et al. 2012). Here, we untangle the mechanism of differ-

ential hybrid abundance through genotypic analysis of the

three acroporids and utilize a long-term dataset of the

benthic cover to quantify the change in percent cover of the

hybrid and one of the parental species, A. cervicornis.

Methods

Permanent transects, percent live coral cover,

and tissue condition analysis

Nine permanent transects (10 m 9 2 m), originally estab-

lished to monitor changes in A. cervicornis and associated

fish assemblages were surveyed at three sites in the

northern U.S. Virgin Islands (Fig. 2). Only A. cervicornis

was present on the four transects at Thatch Cay (18.35666�
N, 64.85628� W) and the two transects at Lovango Cay

(18.36546� N, 64.80249� W), while A. cervicornis and the

hybrid were present on the three transects at No Name Bay

(18.34966� N, 64.67109�W). At each survey between 2009

and 2017, planar photographs were taken every 1 m along

both sides of each transect. Photographs (n = 2880) from

surveys conducted in March, July, and November 2009,

April 2010, April 2012, September 2014, August 2015,

July 2016, and August 2017 were used to quantify percent

live acroporid cover along each transect. Due to equipment

failure, Thatch Cay transects were not surveyed in April

2012 and only 3 of the 4 transects were surveyed in 2014.

Each photo was scaled and rectified using MatLab R2017b

(Yang et al. 2009) (Fig. 3). Acroporid colonies were digi-

tized using Adobe Illustrator 2017, with portions catego-

rized as ‘‘pigmented’’ that may be slightly pale in color or

‘‘white’’ from recent death or bleaching. All images were

analyzed by a single researcher to reduce subjective visual

bias.

Tissue sampling and genotypic analysis

In 2017, 1-cm tissue samples were collected from the

apical tips of A. cervicornis (n = 50), A. palmata (n = 40),

and A. prolifera (n = 39) from each of the three sites

(Fig. 2). Samples of A. cervicornis and hybrid colonies

were collected within permanent transects, as available.

Additional colonies of all taxa were selected haphazardly

in areas surrounding the transects to standardize sample

size and distribution (Fig. 2).

Samples were genotyped using microsatellites devel-

oped by Baums et al. (2009) and with protocols modified

by Fogarty et al. (2012). Samples were transferred from

96% ethanol to CHAOS (4 M guanidine thiocyanate 0.1%

N-lauroylsarcosine sodium salt, 23 mM Tris pH 8, 0.1 M

2-mercaptoethanol, ultra-pure water) for tissue digestion.

DNA was extracted using a SprintPrep DNA Purification

kit, magnetic bead-based protocol (Beckman Coulter

Genomics/Agencourt Bioscience Corporation). DNA was

quantified using a microplate spectrophotometer (Nan-

odrop) and PCR amplified using five microsatellite primers

[loci 166, 181, 187, 182, 207 (Baums et al. 2009)]. The

PCR products were multiplexed in two combinations (ESM

Table 1) and analyzed by the Florida State University

Sequencing Facility. Micro-checker 2.3.3 was used to

isolate allele dropout, null alleles, and stutter peaks. Stutter

peaks occurred at a low frequency (q = 0.11) in one allele

at locus 207. Peak calls were performed in GeneMapper 5

Software. Due to unequal sample sizes among the acrop-

orids collected at each site, genotypic richness (the total

number of unique genotypes divided by the total number of

samples) was the preferred metric (Stoddart and Taylor

1988; Baums et al. 2006).

Statistical analysis

Statistical analysis was conducted using R.3.5.1 software.

Coral cover, genotypic richness (log transformed), and

tissue condition were tested for normality (Shapiro–Wilk

test) and homogeneity of variances (Bartlett’s test). A t test

was used to determine significance in genotypic richness. A

multiple linear regression and nested ANOVA were used to

identify differences among sites and sampling periods

Fig. 1 Acropora cervicornis co-occurring with the hybrid (A.
prolifera) at No Name Bay in the U.S. Virgin Islands in April

2012. The hybrid is seen surrounding two A. cervicornis colonies

(blue)
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Fig. 2 Study sites in the U.S. Virgin Islands at A Thatch Cay (T1-4),

B Lovango Cay (T5-6), and C No Name Bay (T7-9). Shaded areas

represent locations where A. cervicornis (blue), A. palmata (yellow),

and the hybrid A. prolifera (green), were most prevalent during

genotypic sampling in 2017. White lines delineate permanent

transects. Note, by 2017 A. cervicornis was no longer present on

the transects at No Name Bay
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where transects were nested within each site. A linear

regression compared A. cervicornis and A. prolifera pop-

ulations at No Name Bay.

Results and discussion

The number of genotypes varied among taxa and sites

(Table 1). However, genotypic richness was high and was

not significantly different among A. cervicornis, A. pal-

mata, and hybrids across the three sites (t test, F (2,

6) = 0.32 p = 0.74). Genotypic richness values at or above

0.6 (Baums et al. 2006) suggest that these populations

originated primarily through multiple sexually derived

hybridization events with occasional asexual propagation.

These findings do not support the alternative hypothesis

that hybrids predominantly propagate asexually following

a rare hybridization event (Vollmer and Palumbi 2002).

Even densely packed hybrid colonies contained multiple

unique genets. For instance, one large hybrid thicket at No

Name Bay contained 11 of the 25 unique genotypes iden-

tified at this site.

While molecular analysis provides a snapshot of repro-

ductive patterns and persistence of genotypes, long-term

transect data were used to document population changes

over time. In 2009, transects were photographed three

Fig. 3 Example of digitizing results using photos from Thatch Cay,

Transect 3 in March, July, and August 2009. Pigmented, white, and

dead colonies are highlighted in March 2009. Dead areas were not

included in the average coral cover analysis, which quantified

pigmented and white coral tissue. Note in August 2017, what appears

to be pigmented branches is a rope sponge

Table 1 Genotypic richness

among sites. N is the number of

sampled colonies, Ng is the

number of unique genets, and

Ng/N represents the genotypic

richness

Thatch Cay Lovango Cay No Name Bay Total

Ng/N
N Ng Ng/N N Ng Ng/N N Ng Ng/N

A. cervicornis 22 15 0.68 12 5 0.42 16 11 0.69 0.62

A. palmata 17 9 0.53 12 10 0.83 11 8 0.73 0.67

A. prolifera 8 6 0.75 6 4 0.66 25 25 0.6 0.64
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times, revealing intra-annual losses of A. cervicornis, par-

ticularly at Thatch Cay. Across sites, mean pigmented A.

cervicornis cover declined significantly from

25.7% ± 2.6% (SE) in March 2009 to 9.1% ± 1.8% in

November 2009 (ANOVA, DF = 2, 9, F-stat = 7.71, p-

value = 0.01). The significant declines observed in A.

cervicornis in 2009 coincided with high summer temper-

atures that exceeded the predicted bleaching threshold

(ESM Fig. 2.). Increased white areas on A. cervicornis are

likely indicative of bleaching and/or disease associated

with high temperatures (Muller et al. 2008). From 2009 to

2017, A. cervicornis cover declined significantly at all three

sites (multiple linear regression, SE = 2.47, t-value =

-6.42, p-value =\ 0.01). At Lovango Cay and No Name

Bay specifically, A. cervicornis experienced significant

declines and was lost from these sites by 2015 and 2017,

respectively (Fig. 4; F-statistic = -22.7, DF = 2, 39, p-

value = \ 0.01).

No Name Bay transects hosted both A. cervicornis and

hybrid populations, providing a unique opportunity to

compare their population dynamics. Throughout the study,

mean pigmented hybrid percent cover remained signifi-

cantly higher than A. cervicornis coral cover (linear

regression, SE = 1.35, t-value = -2.13, p-value = 0.01).

Several stressors documented in this region including

thermal stress, disease, and storm events (Miller et al.

2009; Rogers and Muller 2012) likely contributed to the

inability of A. cervicornis to persist in these shallow reefs.

Several major hurricanes including three in 2009, two in

2010, three in 2011, and three in 2014 directly impacted the

U.S. Virgin Islands. These storms can exacerbate the

decline and disappearance of acroporids and other corals

through scouring, smothering, colony breakage, increased

rates of disease, and tissue loss (Scoffin 1993; Rogers

1993). These impacts, singly or in combination, may have

stressed some A. cervicornis colonies beyond their natural

ability to recover. The decline of A. cervicornis in this

study follows the trend of widespread losses seen

throughout the tropical western Atlantic since the 1980s

(Bythell et al. 1993; Hughes 1994; Aronson and Precht

2001). Limited occurrences of bleaching and/or disease in

the hybrid are consistent with other research that found

fewer afflictions (i.e., disease, predation, bleaching, para-

sitism) compared to the parental species across the Car-

ibbean (Fogarty 2012).

Hybridization can facilitate the introduction of new

genetic combinations that lead to novel adaptive traits,

expansion of primary habitat ranges, or potentially restore

populations via evolutionary rescue (Becker et al. 2013;

van Oppen et al. 2015; Chan et al. 2019). In other bio-

logical systems, successful hybrids can act as invasive

species through the removal, displacement, and reduction

Fig. 4 Mean percent cover (± SE) of Acropora cervicornis (blue) and A. prolifera (green) along permanent transects in the USVI. Dark colors

represent pigmented tissue and light colors represent white tissue or skeleton. Note, only 3 of the 4 transects were surveyed in 2014
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of native taxa (Lee 2002). For Caribbean acroporids, the

impacts of introgressive hybridization are paradoxical,

such that the parental species could benefit from gene

shuffling (i.e., genetic rescue through shared alleles) or

could become homogenized (i.e., genetic swamping)

(Rieseberg et al. 1993; Ellstrand and Schierenbeck 2000;

Rieseberg and Burke 2001). Because the hybrid does not

provide identical morphological habitat to that of the par-

ental species, the hybrid zone could support different

assemblages of fish and invertebrate species, promote fur-

ther hybridization in the organisms that occupy the newly

formed habitat (Schwarz et al. 2005), create unique niches

without speciation (Vollmer and Palumbi 2002), and

potentially restructure shallow coral reefs (Weil et al.

2020).

The ecological implications of hybridization in Car-

ibbean acroporids are crucial to consider, as the hybrid

vigor observed in A. prolifera may be valuable to conser-

vation and restoration initiatives. The high genotypic

richness supports the hypothesis that multiple sexual

reproduction events produced a diverse hybrid population

in these shallow reefs. The persistence of the hybrid in

environmental conditions that caused A. cervicornis

declines suggests they face weaker selective pressure than

the parental species and will likely continue to expand. It

remains unknown whether the unique morphology of the

Caribbean hybrid may introduce additional ecological

changes compared to the parental species. What is clear is

that Caribbean acroporid hybrids can tolerate and persist in

very warm, shallow waters (this study; Fogarty 2012),

potentially making them more resistant to changing ocean

conditions.
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