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Abstract
As coral cover has declined on Caribbean reefs, space has become occupied by other benthic taxa, including sponges, which 
may affect the recruitment of new corals, thereby affecting the ability of reefs to recover to coral-dominated states. Sponges 
may inhibit coral recruitment by pre-empting potential recruitment space, overgrowing recruits, or through allelopathy. This 
study examined coral recruitment across six coral reef sites surrounding St. Thomas, US Virgin Islands, and the impact of 
one species of sponge and the sponge community as a whole on coral recruitment. To test the effect of a single species of 
sponge on coral recruitment, fragments of living or non-living Aplysina cauliformis were attached to terracotta recruitment 
tiles and deployed at all six sites, along with unoccupied tiles as controls. At two of the sites, a community-level experiment 
consisted of deploying recruitment tiles in 1 m2 plots that were either cleared of the entire sponge community or control 
plots where no sponges were removed. Recruitment rates showed a consistent difference among sites over multiple years 
and experiments. Results of the species-specific experiment showed that the proximity of live or dead A. cauliformis did 
not affect coral recruitment. However, results of the community-level experiment found greater coral recruitment rates in 
plots cleared of sponges, suggesting that the presence of the sponge community negatively affected coral recruitment. This 
study is one of the first to experimentally test and find a significant impact of sponges on coral recruitment, and highlights 
the need for additional research in this area.

Introduction

Changes in Caribbean coral reef communities have been 
exacerbated by the dramatic loss of reef-building coral 
observed over the last several decades (Eakin et al. 2010; 
Hughes 1994). Coral reefs once dominated by living coral 
are now more likely dominated by macroalgae and other 
benthic organisms, particularly sponges, which can repre-
sent significant diversity and biomass on Caribbean reefs 
(Wilkinson and Cheshire 1990; Gochfeld et al. 2007; Maliao 
et al. 2008; Norström et al. 2009). As a result of a multitude 
of stressors affecting coral reef communities and changing 
reef community structure, competition between reef-build-
ing corals and sponges is becoming increasingly common 
worldwide (Chadwick and Morrow 2011; Bell et al. 2013; 
Carballo et al. 2013; Loh et al. 2015; Chaves-Fonnegra et al. 
2018). This is a cause for concern, as sponges are capa-
ble of outcompeting corals and other sessile reef organisms 
(Jackson and Buss 1975; Aerts 1999; Wulff 2012). Common 
means by which sponges outcompete corals include over-
growth, shading, smothering, and the use of allelochemicals 
(Porter and Targett 1988; Wulff 2006; Pawlik et al. 2007; 
Chadwick and Morrow 2011; Slattery and Gochfed 2012). 
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Some sponges, such as those belonging to the genera Cliona 
and Aka, opportunistically colonize corals and use chemical 
and mechanical means to excavate the coral skeleton, result-
ing in direct mortality of coral tissue and bioerosion of the 
reef structure (Sullivan et al. 1983; Rützler 2002; Chaves-
Fonnegra and Zea 2007; González-Rivero et al. 2016; de 
Bakker et al. 2018). The enhanced presence of sponges on 
reefs may affect not only the organisms currently on the reef, 
but also the ability of coral larvae to recruit and settle (Aron-
son et al. 2002; Vermeij 2006).

Sponges can both pre-empt space for coral recruits and 
competitively overgrow juvenile corals (Arnold and Steneck 
2011; Luter et al. 2016). Indirect effects of sponges on coral 
recruitment may also result from interactions between 
sponges and other benthic competitors. For instance, 
research on sponge-macroalgae interactions has revealed 
complex and species-specific ecological associations that 
can influence space availability and, ultimately, coral cover 
(Trautman and Hinde 2001; Carballo and Ávila 2004; Eas-
son et al. 2014). Nutrient exchange that occurs during direct 
contact between some species of sponge and macroalgae can 
suppress sponge competitive ability and promote macroal-
gal growth; this was demonstrated between Aplysina cauli-
formis and the macroalga Microdictyon marinum (Easson 
et al. 2014). Conversely, populations of other sponge species 
may be controlled by competitive superiority of macroalgae 
(López-Victoria et al. 2006; González-Rivero et al. 2016). 
The effect of one aggressive competitor can down-regulate 
the space pre-empting capability of another (Gonzalez-Riv-
ero et al. 2016). If this down-regulation liberates space for 
recruitment of coral, for example, such interactions could 
indirectly benefit reef-building corals.

As Caribbean coral reefs continue to move away from 
coral-dominated states (Norström et al. 2009), it is important 
to understand factors influencing the potential for population 
growth or recovery of corals, particularly processes affecting 
recruitment (Ritson-Williams et al. 2009, Holbrook et al. 
2018). Coral recruitment rates in some parts of the Carib-
bean have declined by an order of magnitude in recent dec-
ades (Vermeij 2006). A diversity of interacting biological 
and physical factors affect the recruitment of juvenile corals, 
and the numerous challenges that juvenile corals must over-
come to reach adulthood has been referred to as “running 
the gauntlet” (Arnold et al. 2010). Environmental stressors, 
including reduced salinity, exposure to pollutants, elevated 
nutrients and sedimentation, can negatively affect settling 
corals or prevent their settlement altogether (reviewed in 
Ritson-Williams et al. 2009). Biological factors, such as 
the abundance of other benthic community members, can 
also influence coral settlement and post-settlement survival 
in both positive and negative ways (Edmunds et al. 2015). 
Macroalgal cover may prevent recruitment through space 
occupation or allelopathy (e.g., McCook et al. 2001; Kuffner 

et al. 2006; Birrell et al. 2005; Vermeij et al. 2009; Slattery 
and Gochfeld 2012; Morrow et al. 2017), whereas certain 
crustose coralline algae induce corals to settle (e.g., Morse 
et al. 1988; Arnold et al. 2010; Ritson-Williams et al. 2014, 
2016). Likewise, as sponge cover increases, its relative 
impact on coral recruitment will likely increase.

Species-specific chemical signals likely play an important 
role in determining whether corals can settle on coral reef 
substrata (Ritson-Williams et al. 2009; Slattery and Gochfeld 
2012). Corals inhibit the recruitment of heterospecific larval 
recruits by releasing chemicals that are harmless to conspe-
cifics, but kill the swimming larvae and prevent the settle-
ment of heterospecific scleractinian species in their vicinity 
(Chadwick and Morrow 2011). For example, the soft coral 
Sinularia flexibilis was shown to inhibit the recruitment of 
scleractinian coral spat on nearby substrata (Maida et al. 
1995). Sponge chemical defenses can inhibit the growth 
of other sponges and tunicates (Engel and Pawlik 2000). 
They have also been demonstrated to affect the recruitment 
of other invertebrates (Bingham and Young 1991), and 
can potentially affect coral larvae and recruitment success 
(Chaves-Fonnegra, unpublished data). Similarly, decreased 
post-settlement coral survival has been linked to overgrowth 
by fast-growing sponges (Vermeij 2006; Arnold and Steneck 
2011). Sponges replaced corals as the dominant benthic 
inhabitants on some Caribbean reefs after an El Niño event 
(Aronson et al. 2002), and their diverse secondary metabo-
lites affect corals at various life-history stages (Pawlik 2011; 
Slattery and Gochfeld 2012). Chemical extracts from several 
species of Caribbean sponges have been found to reduce the 
chlorophyll a concentrations and photosynthetic efficiency 
of zooxanthellae in adult colonies of Diploria labyrinthi-
formis (Pawlik et al. 2007), and both the sponge and exudate 
of Plakortis halichondrioides adversely affected photosyn-
thetic activity and caused tissue necrosis in several species 
of Caribbean corals (Porter and Targett 1977). Juvenile 
corals are especially susceptible to competition because of 
their small size and high proportion of energetic resources 
allocated to growth (Vermeij 2006), and impacts of being 
in proximity to chemically defended sponges could be even 
greater to coral recruits than later life-history stages.

In the US Virgin Islands (USVI), shallow coral reefs 
have seen dramatic declines in coral cover due to combined 
impacts from local stressors, such as sediment input from 
land-based development (Nemeth and Nowlis 2001; Smith 
et al. 2008), and regional stressors, including temperature-
driven mass bleaching events (Smith et al. 2013). Space cre-
ated by the loss of living coral has largely been occupied 
by macroalgae, but also by sponges (Smith et al. 2016). 
Recruitment of new corals to these reefs is critical to their 
recovery to coral-dominated states, but it may be prevented 
by the pre-emption of space by sponges and macroalgae, 
and the potential influence of their chemical defenses and/
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or overgrowth capacity on coral recruitment. Within the 
USVI, coral recruitment was quantified in St. Croix in the 
early 1980s (Rogers et al. 1984) and more recently along the 
south coast of St. John (Green and Edmunds 2011). These 
studies found coral recruitment to vary with depth (Rogers 
et al. 1984) and temperature regime (Green and Edmunds 
2011), and recruitment on St. John may be determined by 
overall water current patterns (Green and Edmunds 2011). 
To our knowledge, no study has quantified coral recruitment 
rates for St. Thomas, the second largest and most densely 
populated of the three islands in the USVI. In this study, we 
provide the first estimates of coral recruitment rates across 
a diversity of coral reef sites surrounding the island of St. 
Thomas and test the hypothesis that sponges negatively 
impact coral recruitment.

Methods

Study sites

In the USVI, multiple sites distributed across the terri-
tory have been annually monitored since 2001 by the Vir-
gin Islands Territorial Coral Reef Monitoring Program 
(TCRMP) administered through the University of the Vir-
gin Islands’ Center for Marine and Environmental Studies 
(CMES) using standard benthic assessment techniques. 
These sites represent a range of habitat types and are 
located along a gradient of possible human induced stress, 
as indicated by terrigenous sediment deposition (Smith 
et  al. 2008). Of the 33 territory-wide TCRMP sites, 
experiments in this study were completed at six shallow 
sites located around St. Thomas (Fig. 1, Table 1). Three 
sites (Black Point, Coculus Rock, Magen’s Bay) were 
located in embayments with heavily developed water-
sheds (i.e., high human impact). Two sites (Savana Island, 
Buck Island) were located near undeveloped offshore cays 

Fig. 1  Map of study sites around the island of St. Thomas, US Virgin 
Islands with World Imagery (Clarity) basemap. Location of the Uni-
versity of the Virgin Islands’ Center for Marine and Environmental 

Studies (UVI CMES) is indicated with a star. Inset: location of St. 
Thomas in the Caribbean Sea
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(i.e., unimpacted), and one site (Botany Bay) was located 
in an embayment with a few large houses, which is in the 
process of being developed by a luxury housing project 
(i.e., low human impact). 

General approach

There were three components to this study. Variability 
in coral recruitment among study sites was evaluated 
for comparison to the previous studies and to determine 
whether recruitment was related to the benthic structure 
of the reefs themselves. The other two components con-
sisted of experiments that tested the impact of sponges 
on recruitment rates; Experiment 1 tested the species-
specific effect of the common sponge, Aplysina cauli-
formis, on coral recruitment; and Experiment 2 tested the 
effect of the entire sponge community on coral recruit-
ment rates. All experiments involved deploying terracotta 
recruitment tiles, but the Site-Specific Coral Recruitment 
Rate Assessment and Experiment 1 were conducted at 
all six sites, while Experiment 2 took place only at Black 
Point and Savana Island. Time frames and experimental 
conditions differed among components (Table 2).

Site‑specific coral recruitment rate assessment 
data collection: quantifying coral recruitment rates 
among the six study sites

Coral recruitment rates were quantified at all six sites 
between 2016 and 2017 to compare recruitment rates across 
sites and to previously published rates. To accomplish this, 
ten blank tiles were randomly deployed at each site in two 
time periods: Period 3 (August 2016–March 2017) and 
Period 4 (March 2017–August 2017). Time periods for tile 
deployment were selected to represent the same durations 
and seasons studied by Green and Edmunds (2011), for com-
parison purposes.

In August 2016, recruitment tiles were deployed using 
a design modified from Mundy (2000) and Green and 
Edmunds (2011). Specifically, unglazed 15 × 15 × 1 cm 
terracotta tiles with a small hole drilled in the center were 
seasoned by placing them under the CMES dock for at least 
1 month prior to deployment. At each site, ten seasoned 
tiles were affixed to dead coral substrate in random locations 
using stainless-steel lag screws. An approximate 1 cm gap 
was created using trimmed clear cable ties to allow settle-
ment of coral recruits on the undersides of the tiles. Tiles 
were placed in random locations in the vicinity of perma-
nent TCRMP transects at each site, and depths corresponded 

Table 1  Study sites on St. 
Thomas, including geographic 
coordinates, average depth of 
the study area, and average 
percent cover of hard corals and 
sponges (± SE) as recorded by 
the Virgin Islands Territorial 
Coral Reef Monitoring Program 
in 2015 and 2016

Site Latitude Longitude Depth (m) Hard  % Coral Cover Sponge  % Cover

2015 2016 2015 2016

Black Point (BP) 18.34450 − 64.98595 9 18.4 ± 2.3 18.2 ± 2.6 11.0 ± 0.7 10.9 ± 0.7
Coculus Rock (CR) 18.31257 − 64.86058 7 11.0 ± 1.7 13.0 ± 0.9 6.4 ± 0.7 5.7 ± 0.8
Magens Bay (MB) 18.37425 − 64.93438 7 3.6 ± 0.9 4.1 ± 0.9 6.1 ± 1.0 5.5 ± 1.3
Botany Bay (BB) 18.35845 − 65.03330 8 10.8 ± 1.6 8.8 ± 1.1 4.2 ± 0.9 4.2 ± 1.2
Buck Island (BI) 18.27883 − 64.89833 14 6.8 ± 0.6 5.8 ± 0.7 6.5 ± 1.0 8.4 ± 0.6
Savana Island (SV) 18.34064 − 5.08205 9 7.7 ± 1.9 7.3 ± 1.6 1.3 ± 0.5 1.2 ± 0.6

Table 2  Summary of the design characteristics and time frame of the three study experiments

Study component Method Tile or plot description N Time frame

Site-specific coral recruitment rate 
assessment. Testing the effect of 
site on coral recruitment

Blank tiles Blank 10 7 months (08/2016–
03/2017), then 5 months 
(03/2017–08/2017)

Experiment 1. Sponge species-spe-
cific effects. Testing the effect of 
Aplysina cauliformis transplants 
on coral recruitment

Tiles with sponge transplants on 
top

Sponge on top 8 7 months (08/2015–03/2016)
Control with skeleton 8
Control blank 4

Tiles with sponge transplants 
around edges

Sponge on side 8 5 months (03/2016–08/2016)
Control with skeleton 8
Control blank 4

Experiment 2. Sponge community-
level effects. Testing the effect of 
sponge community removal on 
coral recruitment

Blank tiles within 1 m2 plots Plot with all sponges removed 9 7 months (08/2015–
03/2016), then 5 months 
(03/2016–08/2016)

Plot with no sponges removed 
(control)

9
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to ± 2 m from those listed for each site in Table 1. Tiles were 
located at least 1 m away from transect lines so as not to 
interfere with long-term monitoring. Numbered aluminum 
tags were hammered into dead substrate near each tile. Upon 
deployment, reference photographs of the tags and tiles were 
taken.

All tiles were collected from study sites in March 2017. 
Tiles were unscrewed from the reef and placed into individ-
ual resealable plastic bags with their numbered tags. Pre-sea-
soned replacement tiles for Period 3 were then screwed into 
the same holes and marked with new numbered aluminum 
tags. All tiles from Period 4 were collected in August 2017 
as described for the completion of Period 3.

Experiment 1: testing the effect of sponge 
transplants on coral recruitment (sponge 
species‑specific effects)

To test the effect of proximity to a common sponge on coral 
recruitment, recruitment tiles were deployed as described 
above, but with and without sponge and sponge control 
treatments. At each site, 8 treatment tiles, 8 control tiles, 
and 4 blank tiles (no sponges) were deployed during two 
time periods: Period 1 (August 2015 to March 2016) and 
Period 2 (March 2016 to August 2016). The sponge and 
sponge control treatments consisted of living or skeletal 
(non-living) fragments of Aplysina cauliformis. This spe-
cies of sponge was selected for testing due to its diversity of 
chemical defenses (Gochfeld et al. 2012), as well as its high 
abundance and prevalence of interactions with corals on St. 
Thomas’ reefs (Gochfeld and Olson, unpublished data).

For Period 1, treatment tiles had a living 10 cm length 
fragment of A. cauliformis attached to the center of the 
tile using cable ties (Fig. 2a). Fragments of A. cauliformis 
were collected using shears from sponges found at each 
site and were transplanted onto the recruitment tiles imme-
diately after collection. Control tiles consisted of similarly 
attached 10 cm fragments of A. cauliformis skeleton. The 
skeletons were created by soaking living pieces of A. cau-
liformis collected from the same reefs in a 10% bleach 
solution to kill the sponge, followed by rinsing the pieces 
in freshwater for 48 h, and drying them in the sun for 
3–4 days. Blank tiles (with no sponge) were deployed in 
an identical manner. Tiles were visited approximately 
monthly to check on the condition of the attached sponge 
fragments and to replace the sponge or sponge skeleton 
fragments when necessary. Replacements were rare; only 
1–2 living or dead pieces of sponges were replaced at each 
site over the course of the study.

All tiles from Period 1 were collected from study sites 
in March 2016 as described for the Site-Specific Coral 
Recruitment Rate Assessment and replaced with pre-sea-
soned tiles. Again, sample sizes consisted of 8 treatment 
tiles, 8 control tiles, and 4 blank tiles. However, for the 
second tile deployment, the sponge treatment was applied 
such that living sponge surrounded the entire perimeter 
of the tile (Fig. 2b). On control tiles, the sponge skel-
etons were attached in an identical manner around the 
tiles’ perimeters. All tiles from Period 2 were collected 
in August 2016.

Fig. 2  a Recruitment tile in Period 1 with a 10  cm Aplysina cau-
liformis transplant on top of the tile, photographed 5  months after 
deployment. The A. cauliformis fragment overgrew its cable ties and 
continued growing after it was transplanted onto the tile. b Recruit-

ment tile in Period 2 with A. cauliformis transplants attached to the 
perimeter of the tile. The A. cauliformis attached to the tile and con-
tinued growing
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Experiment 2: testing the effect of sponge 
community removal on coral recruitment (sponge 
community‑level effects)

In August 2015, triplicate 1 m2 plots were marked and manu-
ally cleared of sponges at Black Point (a nearshore site) and 
Savana Island (an offshore site) by hand and with the use of 
scissors and/or metal scrapers. Although organisms growing 
directly on the sponges themselves, such as macroalgae, were 
also removed in the process of removing the sponges, efforts 
were made not to disturb the macroalgae or other benthic 
organisms otherwise. All sponges from the cleared experimen-
tal plots were collected into plastic bags and the displacement 
volume and wet and dry weight of the sponges were measured 
in the laboratory. Triplicate uncleared (control) plots were also 
marked at these sites. Within each marked plot, three seasoned 
recruitment tiles were deployed, for a total of 18 tiles per site, 
with 9 tiles per treatment (cleared, uncleared control). Tiles 
were collected and replaced with new tiles in March 2016 
and were processed in an identical manner to those deployed 
in the sponge transplant experiment. Replacement tiles were 
then collected and processed in August 2016. At that time, 
all six plots at each site (i.e., previously cleared and control 
plots) were cleared of all sponges, and displacement volume 
and weights of cleared sponges from each plot were measured 
in the laboratory.

Tile processing

For all experiments in all time periods, bagged tiles were 
placed inside coolers with seawater immediately after col-
lection and transported by boat to CMES, where tiles were 
removed from the bags and placed in a running seawater 
table until processed (24 h–2 weeks). Processing consisted 
of photographing both sides of the plates with a Canon G12 
camera, followed by observing both sides of each plate 
under a Lecia S6D dissecting microscope to count all coral 
recruits. Phylogenetic identification of recruits was difficult, 
since the majority were single corallites with skeletal fea-
tures that were not completely formed; thus, results are pre-
sented as all coral recruits combined. Reference photographs 
of coral recruits were taken with a Nikon DS-fi1 microscope 
camera for comparison with bryozoans to prevent misclas-
sification. Reference photographs of confirmed coral recruits 
were reviewed for genus and species identification by Dr. 
Raphael Ritson-Williams.

Data analysis

Calculation of coral recruitment rates

Coral recruitment rates were calculated as a daily rate per 
unit area: as the number of recruits on a tile divided by the 

number of days that the tile was deployed on the reef, and 
then scaled up to 1 m2. Some deployed tiles were lost, prob-
ably due to wave action. Therefore, sample sizes were not 
equal across all the treatments, sites, and time periods (Suppl 
Table A).

Analysis of site‑specific coral recruitment rate data

Recruitment rate data for Periods 3 and 4 were fourth-root-
transformed to meet the assumptions of normality and homo-
geneity of variance before applying a two-way Analysis of 
Variance (ANOVA) to test for the effects of time, period, 
and site. Post hoc, pair-wise comparisons were performed 
using Tukey’s Honestly Significant Difference (HSD) test. 
To determine if coral recruitment patterns across sites were a 
function of any component of the benthic community struc-
ture at the sites, separate multiple regression analyses were 
applied to recruitment rate data from each time period. Aver-
age coral recruitment rates at sites in Periods 3 and 4 were 
tested separately as the response variable, while predictor 
variables in each analysis included site-specific average per-
cent cover of living hard coral, sponges, macroalgae, and the 
epilithic algal community (EAC: i.e., diminutive turf algae 
and other low complexity filamentous algal communities). 
These percent cover data were recorded at the study sites in 
2016 by the TCRMP (Suppl Table B). The benthic catego-
ries used as predictors in the multiple regression models 
composed greater than 88% of living cover at all the sites.

Analysis of experiment 1 (sponge transplants 
on recruitment tiles)

Data for Periods 1 and 2 were analyzed separately due to 
the differences in sponge fragment orientation on the tiles. 
For each time period, a two-way ANOVA was applied to 
square-root transformed recruitment rates; treatment type 
(i.e., living sponge, skeleton, blank) and site were tested as 
main effects in the model. Post hoc, pair-wise comparisons 
were performed using Tukey’s HSD test.

Analysis of experiment 2 (coral recruitment in cleared 
versus uncleared plots)

Displacement volumes and dry weights of removed sponges 
were each analyzed using a two-way ANOVA with site and 
time period/treatment level (i.e., cleared-initial, cleared-
final, uncleared control-final), as the two main effects. Wet 
weights were also compared, but followed a nearly identi-
cal pattern to dry weights and so are not presented. Dis-
placement volume data were square-root-transformed and 
dry weight data were fourth-root-transformed to meet the 
assumptions of ANOVA.
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Data from recruitment tiles in cleared and uncleared control 
plots were zero inflated and did not conform to assumptions 
of parametric tests, even with transformation. Therefore, these 
data were analyzed using a generalized linear model (GLM), 
applying a Poisson distribution and log link function (i.e., a 
three-way contingency table with log-linear analysis). The 
GLM tested for the effects of time period (Period 1, Period 
2), site (Black Point, Savana Island), and plot type (cleared, 
uncleared) on the frequencies of coral recruits recorded on 
the plates. Potential nesting effects of tiles within plots were 
first tested and found to be not significant; therefore, plot was 
not included as a nested effect in the GLM. All analyses were 
performed in JMP v. 12 (SAS Inc.).

Results

When all tiles (n = 418) were considered, regardless of 
treatment or time period, we calculated an average recruit-
ment rate of 0.21 ± 0.02 (SE) recruits  day−1  m−2. Of the 347 
recruits found, all but one was found on the bottom sides of 
the recruitment tiles. Overall, recruitment rates were greatest 
in Period 1, followed by Periods 4, 2, and 3 (Suppl Table C). 
Reference photographs for 85 of the recruits were examined, 
and of these, 45 recruits (53%) could be identified to genus, 
while the rest were too small to be confidently identified. 
All 45 identifiable recruits were identified as Agaricia spp.

Site‑specific coral recruitment rates

Recruitment rates on blank tiles in Periods 3 and 4 were 
comparable to rates recorded during experiments in Periods 
1 and 2. Recruitment rates did not differ between Periods 
3 and 4 (F = 3.12, P = 0.0797), but there was a significant 
effect of site (F = 7.89, P < 0.0001). Black Point had the 
highest recruitment rates, but they were not significantly dif-
ferent from Coculus Rock or Buck Island (Fig. 3). Magens 
Bay, Botany Bay, and Savana Island all had significantly 
lower rates of recruitment than Black Point, and Botany 
Bay also had significantly lower rates of coral recruit-
ment when compared with Coculus Rock and Buck Island 
(Fig. 3). No interaction was recorded between site and time 
period (F = 1.58, P = 0.17). The multiple regression analy-
ses showed no relationship between any of the benthic cat-
egories tested and average recruitment rates recorded in 
Period 3 (F = 16.7460, P = 0.1810) or Period 4 (F = 1.2572, 
P = 0.5771). These data also confirmed the consistently low 
recruitment rates observed in Experiments 1 and 2.

Experiment 1: the effect of sponge transplants 
on coral recruitment

In Period 1, recruitment on tiles varied significantly across 
sites, but there was no effect of sponge treatment or any 

interaction between site and treatment (Table 3). Coral set-
tlement was significantly higher at Black Point than at any 
other site, and significantly higher at Coculus Rock com-
pared to Botany Bay and Savana Island (Fig. 4a). In Period 
2, the ANOVA revealed similar patterns (Table 3), and 
recruitment was again significantly higher at Black Point 
compared to all sites except Savana Island (Fig. 4b).

Experiment 2: the effect of sponge community 
removal on coral recruitment

For plots that were cleared in 2015, there was virtually no 
sponge recovery or recruitment by the time those same plots 
were re-cleared in 2016 (Fig. 5). Dry weights of sponges 
cleared from experimental plots in August 2015 and the 
same plots in August 2016, as well as from control plots in 
August 2016 were significantly different between treatment/
time periods (F = 61.7654, P < 0.0001), with dry weights 
being similarly high in the initial experimental plots and 
in control plots cleared for the first time in August 2016, 
relative to dry weights of sponges from experimental plots 
that were re-cleared in August 2016 (Fig. 5a). While there 
was a significant interaction between site and treatment/
time period (F = 1.406, P = 0.043), post hoc pair-wise 
tests could not differentiate groups beyond the differences 
observed among treatment/time periods, and there was no 
significant effect of site (F = 0.0023, P = 0.9625). However, 
displacement volumes of sponges were significantly dif-
ferent between sites (F = 7.0012, P < 0.05) and treatment/
time periods (F = 1810.99, P < 0.0001), and there was a sig-
nificant interaction between site and treatment/time period 

Fig. 3  Mean recruitment rates (# recruits  day−1  m−2 ± SEM) recorded 
on blank tiles (n = 10/site) across six sites for Period 3 (August 2016–
March 2017) and Period 4 (March–August 2017). Letters indicate 
significant differences among sites, as determined by post hoc Tuk-
ey’s HSD pair-wise comparisons where P < 0.05. Where bars are not 
apparent (i.e., BB-Period 3), there was no recruitment recorded on the 
plates
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(F = 121.66, P < 0.05). Displacement volume of sponges 
was the highest in experimental plots at Black Point when 
they were initially cleared in 2015, followed by cleared 

experimental plots at Savana in 2015 and control plots 
cleared for the first time at both sites in 2016 (Fig. 5b). Like 
sponge dry weights, displacement volumes of sponges were 
significantly lower in the experimental plots when they were 
re-cleared in 2016 (Fig. 5b). Sponge communities within 
treatment and control plots were similar at each site (Suppl 
Table D).

Coral recruitment rates differed significantly between 
sites, and between cleared and control plots (Table 4). Coral 
recruitment was again highest at Black Point and was higher 
in plots where sponges were removed, as compared to con-
trol plots (Fig. 6).

Discussion

The coral recruitment rates recorded in this study were lower 
than those previously reported in the USVI, but rates were 
consistent across the four time periods tested (Suppl Table 
C). Our coral recruitment rates (overall: 0.21 m−2 per day) 
were around half as high as rates recorded by Green and 
Edmunds (2011) for St. John (76 corals  m−2 6 months−1, 
or ~ 0.42 m−2 per day), but close to those recorded by Rog-
ers et al. (1984) for St. Croix (23 corals  m−2 3 months−1, 
or ~ 0.26 m−2 per day). Lower recruitment rates compared 
with historical studies may not be surprising in light of the 
observation that Caribbean coral recruitment rates have 
been declining over the last several decades (Vermeij 2006). 
Reductions in adult coral populations have likely contributed 
to declines in coral larvae. However, the Green and Edmunds 
(2011) study took place less than 10 years before this study, 
and no large reduction in coral cover occurred between these 
studies (Smith et al. 2016). More likely, physical and biolog-
ical processes related to the sites themselves are responsible 
for the differences observed in recruitment rates among stud-
ies. Green and Edmunds (2011) observed declining recruit-
ment along an east-to-west gradient on the south coast of St. 
John that could not be explained by the distribution of adult 
colonies. They instead suggested that this directional trend 
might be explained by the patch depletion/downstream filter-
ing hypothesis that predicted the distribution of the bluehead 

Table 3  Statistical results of 
two-way ANOVA tests for effect 
of site and Aplysina cauliformis 
treatment (living sponge, 
skeleton, and blank) on coral 
recruitment rates

Bold indicates a significant effect P < 0.05
DF degrees of freedom, F F statistic, P P value

Time Period Source DF F P

Period 1 (Aug 2015–March 2016) Site 5 16.5212 < 0.0001
Treatment 2 0.2186 0.8040
Site × treatment 10 0.3188 0.9744

Period 2 (March 2016–Aug 2016) Site 5 5.4366 < 0.001
Treatment 2 0.3061 0.7370
Site * treatment 10 1.1366 0.3425

A

B

Fig. 4  Coral recruitment rates (# recruits  day−1  m−2 ± SE) recorded 
on tiles that were blank (Control: n = 4), had a living fragment of 
Aplysina cauliformis attached (TA: n = 8), or had a skeleton of A. 
cauliformis attached (TS: n = 8) for a period 1 (August 2015–March 
2016), and b period 2 (March–August 2016). Letters indicate sig-
nificant differences across groups as determined by post hoc Tukey’s 
HSD pair-wise comparisons where P < 0.05. Where bars are not 
apparent (i.e., Period 1: BB-Control, BB-TS, SV-Control, SV-TS), 
there was no recruitment recorded on the plates. Site acronyms in 
Table 1
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wrasse (Thalassoma bifasciatum) along the south shore of 
St. Croix (Caselle and Warner 1996). This hypothesis sug-
gests that an aggregate of larvae is transported along the 
coast by water currents and is progressively depleted by 
recruitment of larvae to the benthos. This hypothesis relies 
on an upstream supply of larvae. Sites tested in our study 
were located around St. Thomas, which lies to the west of St. 
John, and were, therefore, even further downstream from the 
St. John sites used in Green and Edmunds (2011). If patch 
depletion/downstream filtering dynamics are in fact driving 
recruitment patterns, particularly in an east-to-west direc-
tion, and if local reproduction was very low, St. Thomas sites 
would be expected to experience lower recruitment rates 

than the lowest encountered on St. John reefs. However, in 
this study, we found that the majority of identifiable recruits 
were of the genus Agaricia, which consists of brooders 
(Gleason and Hofmann 2011) that spawn year-round (Urvoix 
et al. 2013, Arnold et al. 2010). Reproduction by brooding, 

A B

Fig. 5  Average (± SE) dry weight (a) and displacement volume (b) of 
all sponges collected from three 1-m2 plots at Black Point and Savana 
Island in August 2015 (Sp Removed 2015) and from those same plots 
in August 2016 (Sp Removed 2016), as well as from three control 

1-m2 plots from which sponges were removed for the first time in 
August 2016 (Control 2016). Letters indicate significant differences 
where P < 0.05, as determined by Tukey’s HSD pair-wise compari-
sons

Table 4  Statistical results of generalized linear model for effect of 
time period, site, and sponge community removal treatment (cleared, 
uncleared) on frequencies of coral recruits recorded on tiles

Bold indicates a significant effect P < 0.05
DF degrees of freedom, L-R Chi-square Likelihood Ratio Chi-Square 
statistic, P P value

Source DF L-R Chi-square P

Time period 1 1.6391e−8 0.9999
Site 1 25.575801 < 0.0001
Time period × site 1 6.9965e−7 0.9993
Treatment 1 4.3266407 < 0.05
Time period × treatment 1 1.7892e−7 0.9997
Site × treatment 1 2.0672221 0.1505
Time period × site × treatment 1 5.4417e−7 0.9994

Fig. 6  Coral recruitment rates (# recruits  day−1  m−2 ± SEM) within 
plots where sponges were removed and uncleared control plots at 
Black Point and Savana Island during Period 1 (August 2015–March 
2016) and Period 2 (March–August 2016). Where bars are not appar-
ent (i.e., SV-Period 1—Control, SV-Period 2—Control), there was no 
coral recruitment recorded on the plates. Results from the General-
ized Linear Model indicated significant effects of Site (**) and Treat-
ment (*) on coral recruitment rates. No effect of period or any signifi-
cant interactions among independent variables were detected
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where sperm is released and fertilization occurs internally, 
is known to lead to local retention of larvae in general (Glea-
son and Hofmann 2011). Therefore, local reproduction was 
likely the primary driver of site-specific recruitment patterns 
observed in this study.

Empirical studies on coral recruitment can be difficult to 
compare, because the type and preparation of recruitment 
plates greatly affects what will settle on them. A variety of 
materials have been used for recruitment plates (e.g., ter-
racotta, glass, plexiglass, and coral skeleton), but terracotta 
tiles are most common and appear to attract the most recruits 
(Urvoix et al. 2013). Recruitment predominantly occurs on 
the cryptic underside of smooth tiles; this pattern has raised 
concern about how well this structure reflects natural reef 
substrate. Some contend that the low rugosity, and, there-
fore, greater exposure, on the artificial and smooth upper-
facing tile surface may preclude recruitment, while others 
defend the use of tiles, maintaining that it is important to 
use a substrate with uniform architecture and minimal top-
ographic variation (Arnold et al. 2010). Still others have 
attempted to simulate rugose microhabitats by wrapping tiles 
in wire mesh (Vermeij 2006). Unfortunately, the use of dif-
ferent settlement substrates can lead to varying taxonomic 
composition of recruits (Edmunds et al. 2014), and makes it 
difficult to draw global conclusions from studies incorporat-
ing only one type of experimental settlement substrate. The 
time and depth at which plates are pre-conditioned can also 
affect the type of bacterial biofilms and associated chemi-
cal cues that signal larval settlement (Webster et al. 2004). 
Inconsistent preparation of recruitment tiles may introduce 
further bias and hinder comparisons between experiments, 
even if conducted in the same location. To compare recruit-
ment rates from our study with those reported by Green and 
Edmunds (2011), we followed their methods as closely as 
possible, and installed all tiles with the smooth side fac-
ing upwards. Like that previous study, we also found nearly 
all of the recruits to occur on the undersides of the plates. 
Although we attempted to maintain consistency between our 
study and previous studies in the region, the factors listed 
above may have played a role in differences detected in 
recruit abundance among studies.

In this study, coral recruitment was found to vary sig-
nificantly among sites around St. Thomas, although the dif-
ferences did not appear to be associated with human influ-
ence. For example, Black Point was located close to shore 
and considered to be heavily impacted by human activities, 
yet had the highest rates of recruitment recorded, whereas 
recruitment was lower and more temporally variable at the 
other five sites. Black Point also had the highest percent 
coral cover of all sites studied (Table 1), which may be 
indicative of favorable conditions for corals and possibly 
coral settlement, although no specific relationship between 
coral recruitment and coral cover was found in this study. 

Despite this, the high coral cover at Black Point may provide 
a crucial source of propagules for recruitment. Black Point 
is also located in a more enclosed embayment than the other 
sites. A study by Sabine et al. (2015) found that clod card 
dissolution (as a proxy for water motion) was much lower 
at a site near Black Point, as compared to offshore sites and 
another nearshore reef site. Therefore, low water motion at 
Black Point may contribute to greater retention of coral lar-
vae. The fact that all identifiable recruits were from brooding 
Agaricia spp. also suggests that the patterns of recruitment 
were driven by local site-scale dynamics. No other strong 
geographical patterns were found, although sites with the 
highest levels of recruitment tended to be located on the 
south side of the island. The north side of St. Thomas experi-
ences seasonal swell during the winter months, which may 
impact the retention and settlement of coral larvae.

The attachment of living or dead fragments of the com-
mon sponge Aplysina cauliformis to the recruitment tiles 
had no effect on coral recruitment in this study. Aplysina 
cauliformis produces a diversity of secondary metabolites 
that defend the sponge from pathogens and predators (Goch-
feld et al. 2012), although impacts of these compounds on 
any life-history stage of corals have not been tested previ-
ously. The absence of an effect in this study suggests that 
A. cauliformis is not detrimental to coral recruits, at least 
not at the scales that we tested. It is important to note that 
the vast majority of coral settlement occurred on the under-
sides of the recruitment tiles, while the experimental frag-
ments of living and dead sponge were attached to the tops or 
edges of the tiles. Attachment of the sponge fragments to the 
undersides of the recruitment tiles, where coral recruitment 
typically occurred, would have prevented light from reach-
ing the sponges. As A. cauliformis relies on photosynthetic 
cyanobacterial symbionts to supply a large portion of its 
energetic needs (Freeman and Thacker 2011), the sponge 
fragments likely would not have survived extended periods 
in that position. However, allelopathic effects of sponges on 
coral larval settlement or recruitment may only occur over 
very small distances if defensive secondary metabolites can-
not diffuse into the water column or be exuded across any 
great distance. Whereas some sponges (e.g., Plakortis hali-
chondroides) produce chemical defenses that can kill corals 
(e.g., Agaricia lamarcki) upon direct or indirect contact via 
waterborne metabolites (Porter and Targett 1988), whether 
A. cauliformis possesses similar defenses remains to be seen.

In the cleared plots, where all sponges were removed 
from the area of recruitment tiles, there was a significant 
positive effect on recruitment. This suggests that some 
aspect or aspects of the entire sponge community negatively 
affects coral recruitment. Recent studies have highlighted 
complexities in coral larval behavior (Gleason and Hofmann 
2011). To settle on a reef, larvae must become competent 
and develop a capacity to swim towards a reef substratum. 
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A number of chemical cues are responsible for instigating 
the transition to competency and subsequent settlement (Rit-
son-Williams et al. 2009). The “smell” of the sponge-free 
plots may have been different and more inviting to the coral 
larvae compared with the uncleared plots. Some sponges 
produce secondary metabolites that encourage the settlement 
of invertebrate larvae (Bingham and Young 1991), whereas 
others have antifouling and allelopathic chemical defenses 
(Qian and Xu 2012; Slattery and Gochfeld 2012) that could 
deter larval settlement, or could generate an inhospita-
ble substratum for coral recruits if they settled on top of 
or close to sponges. Some sponge compounds may attract 
larvae, but inhibit subsequent metamorphosis (Green et al. 
2002). Sponge presence may also affect small-scale flow 
movements, for example, by increasing turbulence, which 
could impact the settlement ability of coral larvae (Bing-
ham and Young 1991). Alternatively, coral recruits may 
have inadvertently been preyed upon by spongivores feed-
ing in the area of the plots; however, spongivores make up 
only 6% of the fish community at Black Point and less than 
1% of the community at Savana (Smith et al. 2016). These 
potential mechanisms by which sponge communities might 
inhibit coral recruitment represent important areas for future 
research.

An interesting aspect of our study was the slow recov-
ery of sponges within the cleared plots. Sponge removal in 
the cleared plots was very thorough, involving removal by 
hand, scraper, and, finally, metal brushes. Thus, the substrate 
of cleared plots was abraded, which might have changed 
the texture of the substratum or eliminated other epifauna 
that could attract sponge larvae (Sutherland and Karlson 
1977; Zea 1993). Therefore, sponge recruitment in cleared 
plots may have been restricted by the presence of suitable 
surfaces for larval attachment. In addition, overgrowth of 
cleared surfaces by algae could prevent sponge larvae from 
successfully recruiting into those areas, as sponge larvae 
have been shown to prefer to recruit to established biofilms 
on solid substrates (Whalan and Webster 2014). Any remain-
ing sponge fragments would have been very small, and while 
some tissue regeneration could have occurred, it might have 
been further damaged by grazing fishes, although the abun-
dance of spongivores is low at Black Point and they are 
nearly absent from Savana (Smith et al. 2016).

Although we were not able to definitively discern phy-
logenetic differences for a large portion of our recruits, 
results from those we could identify were consistent with 
other studies that reported the majority of recruits observed 
on recruitment plates in the Caribbean were members of the 
brooding genera Agaricia and Porites (Urvoix et al. 2013; 
Arnold et  al. 2010). Green and Edmunds (2011) found 
that recruitment in St. John was also dominated by agari-
cids and poritids, but a considerable amount of faviids and 
siderastreids were also found (17% and 7%, respectively). 

The brooding species Agaricia agaricites is the most abun-
dant recruit on many Caribbean reefs; A. agaricites grows 
quickly and can withstand sedimentation, but is less capa-
ble of wound repair and is frequently outcompeted (Rit-
son-Williams et al. 2009). However, the coral species that 
comprise a majority of the framework of most Caribbean 
reefs—namely the faviids Orbicella spp.—are broadcast 
spawners. These species have tremendously low recruitment 
rates, mature to adulthood slowly, and are threatened by the 
Allee effect at low population densities (Ritson-Williams 
et al. 2009; Darling et al. 2012). The higher rates of recruit-
ment and relatively large proportion of faviids present within 
the St. John recruit community documented by Green and 
Edmunds (2011) could indicate more favorable conditions 
for recruitment on those reefs compared with the reefs of St. 
Thomas. However, our study and that of Green and Edmunds 
(2011) did not overlap temporally, and it is possible that the 
timeframe of Green and Edmunds (2011) corresponded with 
a time of favorable conditions for broadcast spawners. In 
general, the lack of recruitment of broadcast spawning spe-
cies in our study and others may imply future reef conditions 
dominated by weedier, brooding species, and a subsequent 
loss or reduction of reef framework in the Caribbean.

Coral recruitment represents a primary mechanism for 
coral recovery (Edmunds et al. 2015; Holbrook et al. 2018). 
There is a distinct need to better understand the dynamics 
of coral recruitment, especially on Caribbean reefs where 
coral cover has been consistently declining. Future avenues 
of research should include determining how sub-lethal stress 
brought on by space competitors, such as sponges and algae, 
may influence both settlement and post-settlement coral 
health and survivorship. Emphasis should also be placed on 
evaluating how other organisms (e.g., sponges) influence 
nearby recruitment patterns. Finally, top–down controls, 
such as abundance of grazing fishes, should continue to 
be evaluated in relation to recruitment density. A thorough 
comprehension of recruitment dynamics will lead to a better 
understanding of reef resilience and help inform the most 
effective strategies to manage deteriorating Caribbean reef 
ecosystems.
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