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INTRODUCTION

In his 1989 lecture, Levin (1992) championed scale
in ecology and highlighted the limitation of contem-
porary studies in addressing this topic (see also Wiens
1989). He used 4 paragraphs to discuss the relevance
of scale-dependency to climate change science, but
this effort could not have foreseen the rapidity with
which biomes would register the consequences of
global climate change (GCC) (Parmesan & Yohe
2003) or the extent to which marine systems would be
threatened by ocean acidification (OA) (Doney et al.
2009). More than 2 decades later, scale-dependency is
playing a central role in understanding the biological
consequences of GCC and OA (Chave 2013).

Anthropogenic assaults affecting ecosystem func-
tion have attracted intense interest on coral reefs,
where decades of change have crystallized as the
‘coral reef crisis’ (Hughes et al. 2010). The crisis has
its origins in the 15th century when explorers reached
tropical seas and started to kill large marine verte-
brates (Jackson 1997), but the concept gained atten-
tion in the 1970s and 1980s when many corals were
killed by crown of thorns sea stars (Endean 1973),
large storms (Woodley et al. 1981), and emergent dis-
eases (Aronson & Precht 2001). However, it was not
until the late 1980s that the potential for regional-
scale coral mortality motivated systematic monitor-
ing to record the changes underway (Bruno & Selig
2007, Schutte et al. 2010), and by the 21st century,
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such efforts revealed the scope of the coral reef crises
(Bellwood et al. 2004). Prior to the late 1980s, coral
reef monitoring was informal and ad hoc, but 4
decades later, synthetic analyses of coral reefs can
draw upon 1000s of surveys to make a compelling
case for region-wide, decadal-scale declines of coral
cover (Bruno & Selig 2007, Schutte et al. 2010,
Ateweberhan et al. 2011, Jackson et al. 2014).

Although there is an unprecedented quantity of in-
formation on coral reef community structure, much of
this comes from one-off, local-scale (i.e. 0 to 20 km;
Mittelbach et al. 2001) analyses or surveys over short
periods (Schutte et al. 2010). Multiple discrete studies
paint a noisy picture of coral reefs over time, but there
is potential to alleviate the effects of this variance
using meta-analyses (Côté et al. 2005). Regardless of
analytical tool, the community structure of coral reefs
at the earliest samplings of such temporal compilations
often is least well described, yet initial benchmarks
strongly influence measurements of  trajectories of
change. On the Great Barrier Reef for instance, in-
shore reefs in the 1980s upwardly bias estimates of re-
gional losses of coral cover (Sweatman et al. 2011),
with the decision to include them in synthetic sum-
maries having important implications for the estima-
tion of rates of change (Hughes et al. 2011). Likewise,
discussions of macroalgal cover on coral reefs are
framed by the assertion that macroalgae were uncom-
mon in the 1960s and 1970s (Szmant 2001). Doubts of
the veracity of this assertion based on the paucity of
data from early decades (Bruno et al. 2013) have chal-
lenged the generality that many reefs have transi-
tioned to macroalgal dominance (Mumby et al. 2013).

Long-term monitoring of coral reefs in single loca-
tions can overcome some of the aforementioned chal-
lenges in detecting changes in community structure,
and there are now a large number of programs with
this objective (Jackson et al. 2014). However, most
studies have yet to attain the longevity at which their
potential to provide insightful descriptions of chan -
ges can be realized. In cases where decadal-scale
analyses are available, it usually is unclear to what
extent the trends are relevant to large spatial scales,
and the taxonomic resolution remains mostly low
(Hughes et al. 2012). Both of these features are unfor-
tunate, because the strength of long-term analyses
lies in the detection of changes that have general
application, and for low-resolution analyses, the eco-
logical implications of the changes are unlikely to be
resolved without taxonomic detail.

The present study employed landscape-scale (20 to
200 km, sensu Mittelbach et al. 2001) sampling as a
complement to decadal-scale analysis of coral reefs

along ~4 km of the south coast of St. John, US Virgin
Islands (described by Edmunds 2013). Surveys were
completed in 2011 on shallow reefs (~10 m depth) at
12 sites along ~100 km of the north and south shores
of St. John and St. Thomas. The results are used to
evaluate the extent to which these coral reefs varied
between local and landscape scales (after Mittelbach
et al. 2001), with community structure resolved to
3 functional groups and 5 common coral genera.
Three hypotheses were tested: (1) there are no differ-
ences between St. John and St. Thomas, (2) there are
no differences between the north and south shores
of the 2 islands, and (3) there is no interactive
effect between shores and islands. The test of scale-
dependency focused on a contrast between islands
and shores, based on the rationales that the islands
differ in size, human population density (www.cen-
sus.gov), and degree of protection of natural resources
(Rogers et al. 2008) and that the shores differ in hydro-
dynamic regime and exposure to trade winds (Brown
& Dunne 1980, Rogers et al. 2008). Both islands and
shores therefore have the potential to affect coral reef
community structure, and rejection of one or more of
the aforementioned null hypotheses would support
scale-dependency of coral reef community structure.

MATERIALS AND METHODS

The analysis included sites between Cabritte Horn
and White Point (Fig. 1, Table 1) that have been stud-
ied annually since 1987 (Edmunds 2013) and 11 sites
sampled for the first time in 2011. Two legacy sites,
Yawzi Point (Y, 9 m depth) and Tektite (T, 14 m
depth), were chosen in December 1987 to sample
reefs with high coral cover and have been censused
annually for 27 yr. Six more legacy sites were se -
lected at random between Cabritte Horn and White
Point in May 1992 and have been censused annually
for 22 yr; 5 sites are at 9 m depth, and 1 site is at 7 m
depth. Twenty-five years of change in coral reef com-
munity structure at the legacy sites are summarized
in Edmunds (2013), and here, data from 2011 are
placed in a landscape-scale context through a com-
parison with 11 new sites (at 10 m depth) sampled in
2011. Together, the aforementioned sites were used
to support an experimental design in which 3 sites on
each of the north and south shores of St. John and
St. Thomas were used to test for differences in
 benthic community structure between islands and
shores. These sites are spread over a linear distance
of ~38 km, which embraces ~100 km of the convo-
luted shore of St. John and St. Thomas.
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Yawzi Point and Tektite have been sampled longer
and with a sampling strategy that differs from the
other sites and therefore were included only to sup-
port a qualitative contrast of reef communities on a
landscape-scale. The 6 randomly selected sites previ-
ously have been combined as the pooled random
sites (PRS in Edmunds 2013) to characterize reefs
between Cabritte Horn and White Point, and here,
the ~240 photoquadrats recorded at these sites in
2011 were sub-sampled randomly to provide 40 qua -
drats (hereafter described as PRS*) for use in a bal-
anced statistical design together with the sites sam-
pled only in 2011. The 11 new sites were selected
haphazardly in 2011 with the objectives of sampling
(1) fringing reef habitats similar to those sampled at
the PRS (Edmunds 2013), (2) over the largest possible
scale within St. John and St. Thomas, and (3) north
and south shores of both islands with 3 sites per shore
and consistent spatial coverage along each shore.
While sites were not selected randomly, they were
chosen without explicit knowledge of the benthic
communities in each location, other than knowing
that the fringing reef habitat broadly was similar to
that sampled at the PRS. The sites were not selected

to be ‘representative’ of reefs along the 4 shores, as
this would have confounded the contrast of islands
and shores. The sites between Cabritte Horn and
White Point are marked permanently (Edmunds
2013), but all other sites are unmarked (Fig. 1).

Benthic community structure was surveyed using
photoquadrats recorded with a digital camera (Nikon
D70, 6 megapixels) and strobes mounted on a framer
that held the camera perpendicular to the substra-
tum. Yawzi Point and Tektite were sampled with 1 ×
1 m photoquadrats placed contiguously along three
10 m transects (10 photoquadrats transect−1) that are
parallel to one another and at 10 m (Yawzi Point) or
14 m (Tektite) depth. All other sites were sampled
using 0.5 × 0.5 m photoquadrats positioned at 40
points selected at random along a 40 m transect
along the 10 m depth contour. The reefs in these loca-
tions are well-developed fringing reef habitats (Ro -
gers et al. 2008, Smith et al. 2011) and do not develop
spur-and-groove structures that would create hetero-
geneity in the benthic community sampled along a
linear transect. The communities sampled were on
rock and coral substrata, although occasionally, the
random placement of photoquadrats selec ted pat -
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Fig. 1. Study sites around St. John and St. Thomas, US Virgin Islands. This study exploited 8 sites between Cabritte Horn and
White Point on the south shore of St. John that have been monitored since as early as 1987. These were augmented with
11 sites scattered along the shores of St. John and St. Thomas. Between Cabritte Horn and White Point, sites were located at
Yawzi Point and Tektite and at 6 locations that were selected randomly in 1992 (RS2–RS15) and analyzed together using a ran-
domly selected subset of 40 quadrats (PRS*). Legacy sites were augmented with Cocoloba Cay and Booby Rock on the south
shore of St. John; Haulover Bay, Waterlemon Cay, and Whistling Cay on the north shore of St. John; Magens Bay, Inner Brass
Cay, and Botany Bay on the north shore of St. Thomas; and Fortuna Bay, Flat Cay, and Cow and Calves on the south shore of 

St. Thomas. See Table 1 for depth and coordinates of sites
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ches of sand interspersed among corals. As is
 common on shallow reefs in the Virgin Islands, the
benthic communities consisted of a variety of sclerac-
tinian and gorgonian corals interspersed with macro-
algae, sponges, and rocks coated in algal turf or crus-
tose coralline algae. Sites with the highest cover of
scleractinian corals typically consis ted of high densi-
ties of Orbicella annularis, but all other sites inclu -
ded discrete colonies of Orbicella spp., Montastraea
cavernosa, Porites (most ly P. astreoides, P. furcata,
and P. porites), Siderastrea (mostly S. si derea), and
Agaricia (mostly A. aga ri cites and A. humilis) that
together covered ≤20% of the reef. Images were ana-
lyzed for percentage cover of organisms using CPCe
software (Kohler & Gill 2006) with 200 dots scattered
randomly on each image, and analyses were con-
ducted at 2 levels of biological resolution. First, the
percentage cover of major functional groups was
measured in 3 categories: scleractinians, macroalgae
(algae ≥ 1 cm high, consisting mostly of Halimeda,
Lobo phora, Padina, and Dictyota), and a combined
category of crustose coral line algae, algal turf, and
bare space (CTB) that cannot be resolved in planar
images (Aronson & Precht 2000, Edmunds 2013).
Second, the percentage cover of scleractinians was
measured separately by species, but this was subse-
quently collapsed to genus because of the low abun-
dance of many species.

Statistical analysis

To evaluate the efficacy of the sam-
pling regime, plots of the running
mean and running SE were examined
as a function of the sample size (num-
ber of photoquadrats) at each site.
These plots were prepared for the 3
functional groups scored within the
benthic communities, and conver-
gence to a horizontal asymptote was
construed as evidence that further
sampling would not appreciably alter
the mean or SE (Fig. 2). The percent-
age cover of benthic categories was
compared qualitatively among sites
using descriptive statistics and non-
metric multi-dimensional scaling
(nMDS; Clarke & Gorley 2006) to
explore patterns in community com-
position among sites. Photoquadrats
were treated as replicates to give a
sample size of ~30 at Yawzi Point and
Tektite and ~40 at all other sites.
Descriptive analyses first were con-

ducted using functional groups (i.e. corals, macro-
algae, and CTB), and second, genus-level analysis
for scleractinians. Site means for descriptive statistics
were calculated using raw percentage data for each
category.

Ordination plots generated using nMDS were used
to visualize patterns of similarity among sites (ex clu -
ding Yawzi Point and Tektite) using dependent vari-
ables (i.e. measures of community composition) that
were square-root transformed to provide a conserva-
tive adjustment for quantitatively dominant groups
(Clarke & Gorley 2006) and converted to a matrix of
Bray-Curtis similarity values. Two nMDS plots were
prepared, one based on the percentage cover of the
3 functional groups and one based on the percentage
cover by coral genera, and in all cases, analyses were
completed using mean cover by site that were calcu-
lated using arcsine transformed values. Multiple
restarts of 100 iterations were em ployed for each
nMDS until stress stabilized and ordinations were
repeatable. In nMDS plots, sites were represented
as ‘bubbles’ scaled to reflect the percentage cover of
components of the benthos.

To test the hypotheses that coral reef community
structure differed be tween islands and shores, data
were first analyzed with multivariate statistics and
then with univariate analyses to better understand
the role of each dependent variable in the multivari-
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Island/ Site Code Latitude Longitude Depth 
shore (°N) (°W) (m)

St. John/ Yawzi Point Y 18° 18.912 64° 43.500 9
south Tektite T 18° 18.582 64° 43.371 14

PRS*
RS2 18° 18.421 64° 43.279 9
RS6 18° 18.657 64° 43.312 9
RS5 18° 18.657 64° 43.312 9
RS9 18° 19.023 64° 43.682 7
RS11 18° 18.996 64° 43.793 9
RS15 18° 18.879 64° 43.891 9
Cocoloba Cay CL 18° 18.876 64° 45.658 10
Booby Rock BR 18° 18.171 64° 45.658 10

St. John/ Haulover Bay H 18° 21.184 64° 40.784 10
north Waterlemon Cay WL 18° 22.090 64° 43.271 10

Whistling Cay WC 18° 22.168 64° 45.689 10
St. Thomas/ Fortuna Bay FB 18° 20.588 64° 1.191 10

south Flat Cay FC 18° 19.068 64° 59.447 10
Cow and Calves CC 18° 18.246 64° 50.892 10

St. Thomas/ Magens Bay MB 18° 22.904 64° 56.423 10
north Inner Brass Cay IB 18° 22.992 64° 58.588 10

Botany Bay BB 18° 21.587 65° 2.059 10

Table 1. Summary of locations and depths of study sites (Fig. 1). PRS* (pooled
random sites) consists of 6 sites selected at random (RS2−15) from which 

40 photoquadrats were drawn at random for inclusion in the present study
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ate analyses. Multivariate analyses were conducted
using PERMANOVA (An derson et al. 2008) in a
3-factor design in which islands and shores were
fixed effects, and site (excluding Yawzi Point and
Tektite) was a random factor nested within islands
and shore. Islands and shores were treated as fixed
affects as these contrasts were chosen in the design
of the project, whereas sites effectively were random
(they were not chosen from a population of possibili-
ties as would be re quired for a fixed effect). Data (%

cover by photoquadrats) were square-root trans-
formed to adjust for unequal abundance among
dependent variables and used to create a matrix
using Bray-Curtis similarity. This matrix was used in
a PERMANOVA with 999 permutations to test for
main and interactive effects using pseudo-F values
and permutation p-values (pperm, after Anderson et
al. 2008). Two PERMANOVAs were completed, one
using the 3 functional groups and the other using all
genera of scleractinians encountered.
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Fig. 2. Summary of sam-
pling effectiveness for the
main components of the
benthic community (coral,
macroalgae, and a com-
bined category of crustose
coralline algae, algal turf,
and bare space [CTB])
as revealed by plots of
running means (left) and
 running SEs (right) for
percentage cover. Photo -
quadrats were random-
ized within sites before
calculating means and SEs.
Sites as in Fig. 1; refer to
Tables 2 & 3 for statistical
power (1 − β) for detecting
main and interactive ef-
fects of shores and islands
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Following the multivariate analyses, univariate
ANOVAs were employed in which islands and
shores were fixed effects, and sites (excluding Yawzi
Point and Tektite) were a random effect nested in
shores and islands. Photoquadrats were treated as
replicates, and the dependent variables were arc-
sine-transformed percentage cover values for the 3
functional groups, as well as 5 dominant coral genera
(Montastraea [only M. cavernosa; Budd et al. 2012],
Orbicella [formerly Montastraea annularis complex;
Budd et al. 2012], Porites, Siderastrea, and Agaricia).
To explore variation among sites, separate univariate
ANOVAs were used to compare dependent variables
among sites with multiple contrasts explored using a
post hoc Bonferonni procedure. Analyses were com-
pleted for the 3 functional groups and the 5 common
coral genera (Montastraea, Orbicella, Porites, Side -
rastrea, and Agarica). Data were tested for confirma-
tion to the normality and homoscedasticity assump-
tions of ANOVA through graphical analysis of the
residuals. Retrospective power (1 − β) was calculated
according to Zar (2010) using an arbitrary effect size
of 1%.

Multivariate statistics were completed using Pri -
mer-E (v. 6) (Clarke & Gorley 2006) with the PERM -
ANOVA+ add-on (v. 1.0.6) (Anderson et al. 2008),
and univariate statistics were completed using Systat
11 (Systat Software), in both cases in a Windows
environment.

RESULTS

Descriptive statistics

In 2011, the 12 sites at the core of this analysis, as
well as the 2 legacy sites included for reference
(Yawzi Point and Tektite), differed in cover of func-
tional groups and coral genera (Fig. 3A−C). Tektite
had ~25% coral cover, most of which was Orbicella
annularis; a few sites had 10 to 15% coral cover, but
most had relatively little coral. At most sites, nearly a
third of the reef was covered by macroalgae, al -
though macroalgae was virtually absent at Water-
lemon Cay, and at all sites, the dominant functional
group was CTB. Coral cover was dominated by 5
genera, with Orbicella conspicuous (i.e. >2% cover)
at 4 sites, Montastraea conspicuous at 1 site, Porites
conspicuous at 4 sites, and Siderastrea conspicuous
at 5 sites. The cover of Agaricia was <2% at all sites.

Overall, mean coral cover varied 10-fold from 2.7 ±
0.7% at the PRS* to 27.8 ± 2.0% at Tektite, macro-
algae varied 326-fold from 0.1 ± <0.1% at Water-

lemon Cay to 35.8 ± 2.3% at Cocoloba Cay, and CTB
varied 1.9-fold from 38.1 ± 2.4% at Booby Rock to
72.0 ± 2.9% at Fortuna Bay. Exclusion of Yawzi Point
and Tektite from this contrast changed the range of
scleractinian cover (but not macroalgae or CTB),
which then varied 7.6-fold from 2.7 ± 0.7% at the
PRS* to 20.4 ± 1.7% at Flat Cay. Ordination plots
generated by nMDS applied to the cover of the
3 functional groups at the 12 equivalent sites
(Fig. 3D−F) revealed differences among sites, the
absence of clustering related to shores, and weak
clustering that separated St. John and St. Thomas.

Mean coral cover at the 12 equivalent sites was
≤20.4%, and the cover of most species was low.
Overall, representatives of 16 genera of corals
(pooled among sites) representing 25 species were
found, of which the most common (i.e. ≥0.2% mean
cover) were Orbicella annularis, O. franksi, Agaricia
agaricites, Colpophyllia natans, Diploria strigosa,
Mon tastraea cavernosa, Meandrina meandrites, Po -
rites astreoides, P. porites, P. furcata, and Siderastrea
siderea. Acropora palmata was not seen in the 473
photoquadrats from 2011, although large colonies
were seen in the vicinity of some of the sites, notably
Haulover Bay and Flat Cay. When collapsed by
genus, mean cover (n = 473 quadrats) ranged from
2.116% (Orbicella) to 0.002% (Manicina), and of the
16 genera encountered, 5 supported meaningful
analyses based on mean percentage cover: Montas-
traea (1.6% cover), Orbicella (2.1% cover), Porites
(1.5% cover), Siderastrea (2.2% cover), and Agaricia
(0.5% cover) (all n = 473 quadrats) (Fig. 4A−E). The
ordination plots generated by nMDS utilizing genus-
level cover revealed differences among sites but sim-
ilarity of the coral community structure between
islands and shores (based on the absence of island- or
shore-based clusters) (Fig. 4F−J).

Multivariate inferential analysis

Multivariate coral reef community structure based
on the percentage cover of the 3 functional groups
did not vary between islands (PERMANOVA,
pseudo-F = 2.050, df = 1,8, pperm = 0.156) or shores
(pseudo-F = 0.471, df = 1,8, pperm = 0.626) and was
unaffected by the interaction between those 2 factors
(pseudo-F = 1.938, df = 1,8, pperm = 0.184), but dif-
fered among sites (pseudo-F = 37.575, df = 8,461,
pperm = 0.001). Likewise, multivariate coral commu-
nity structure based on the percentage cover of coral
genera did not vary between islands (pseudo-F =
1.011, df = 1,8, pperm = 0.408) or shores (pseudo-F =
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2.223, df = 1,8, pperm = 0.093), and was unaffected by
the interaction between the two (pseudo-F = 1.488,
df = 1,8, pperm = 0.202), but differed among sites
(pseudo-F = 11.936, df = 8,461, pperm = 0.001).

Univariate inferential statistics

The cover of the 3 function groups differed among
sites (ANOVA, Table 2). While neither macroalgae
nor CTB differed between islands (p ≥ 0.053), coral
cover differed between islands (p = 0.045) and was
higher on St. Thomas compared to St. John. When
averaged among sites within islands, mean (±1 SE)

coral cover on St. Thomas (12.7 ± 2.0%) was 1.9-fold
higher than on St. John (6.6 ± 1.1%) (n = 6 sites).
When site effects were evaluated independent of
islands and shores, sites differed significantly for
coral (F = 16.033, df = 11,461, p < 0.001), macroalgae
(F = 82.407, df = 11,461, p < 0.001) and CTB (F =
16.919, df = 11,461, p < 0.001). Post hoc Bonferroni
contrasts revealed where the site effects were
strongest for each functional group (Fig. 5A−C).
Coral cover was significantly higher at Flat Cay,
Inner Brass, and Magens Bay than at most other sites
and significantly lower at PRS* compared to many
other sites. The cover of macroalgae was significantly
different among most pairs of sites (63% of the con-
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Fig. 3. Benthic community structure on reefs in St. John and St. Thomas in 2011. (A−C) Percentage cover (mean ± SE, n = 30
at Y and T, n = ~40 at all other sites) of coral (pooled among taxa), macroalgae, and CTB, respectively, at 6 sites around St.
Thomas and 8 sites around St. John, with site codes as in Table 1. All sites are at 7 to 10 m depth, except Site T (14 m) and 1
site in the PRS* group. (D−F) Ordination plots generated using non-metric multi-dimensional scaling (nMDS) displaying the
relationships among 12 sites (excluding Y and T) based on the percentage cover of coral, macroalgae, and CTB. The diameters 

of the bubbles on each nMDS plot are scaled to the percentage cover of (D) coral, (E) macroalgae, and (F) CTB
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Fig. 4. Genus-level coral community structure on reefs in St. John and St. Thomas in 2011. (A−E) Percentage cover (mean ±
SE, n = 37 to 43 photoquadrats transect−1), calculated from untransformed values of the 5 dominant genera (site codes as in
Table 1). (F−J) Ordination plots generated using non-metric multi-dimensional scaling displaying the relationship among sites
based on the percentage cover (site means from transformed data) of coral genera (Montastraea, Orbicella, Agaricia,
Colpophyllia, Dendrogyra, Dichoecoenia, Diploria, Eusmilia, Favia, Madracis, Meandrina, Porites, Stepahnocoenia, Sideras-
trea, Manicina, and Mycetophyllia), with the diameter of bubbles scaled to the percentage cover of the dominant genera: 

(F) Orbicella, (G) Montastraea, (H) Porites, (I) Siderastrea, and (J) Agaricia
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trasts), and CTB differed among nearly half the con-
trasts among sites (41% of the contrasts) and was
highest at Fortuna Bay and lowest at Booby Rock,
Cocoloba Cay, and Haulover Bay.

When coral cover was separated by genus, the
cover of 4 genera differed among sites, but not
islands, shores, or the interaction between these fac-
tors (Table 3). Siderastrea showed a different pattern,
with no variation in cover among sites, but differ-
ences between islands that varied between shores
(i.e. the island × shore interaction was significant).
Siderastrea was more common on the south shores of
St. John and St. Thomas, but the effect relative to the
north shore was more pronounced on St. Thomas
(Fig. 4D). Site effects (independent of island and
shores) were significant for Montastraea (F = 9.981,
df = 11, 461, p < 0.001), Orbicella (F = 19.713, df = 11,
461, p < 0.001), Porites (F = 20.207, df = 11, 461, p <
0.001), Siderastrea (F = 18.636, df = 11, 461, p <
0.001), and Agaricia (F = 6.829, df = 11,461, p <
0.001). Post hoc Bonferroni contrasts among pairs of
sites for 4 genera revealed significant contrasts for
19 to 39% of the cases, although cover of the fifth
genus (Montastraea) differed among 60% of the site
contrasts (Fig. 5D−H). For Orbicella, cover was
higher at Inner Brass, Flat Cay, Booby Rock, and
Magens Bay compared to most other sites; for Mon-
tastraea, most site contrasts were significant due to
strong within island variation, although cover at
Magens Bay was higher than any other location; for

Porites, cover was higher at Hau -
lover Bay, Booby Rock, Flat Cay,
and Fortuna Bay than at most
other sites; for Siderastrea, cover
was higher at Cow and Calves,
Flat Cay, and Fortuna Bay than at
most other sites; and for Agaricia,
cover was higher at Flat Cay and
Whistling Cay than at most other
sites.

DISCUSSION

Overview

This study was designed to com-
plement a 27 yr analysis of coral
reefs in St. John (Edmunds 2013)
and to contribute to a larger effort
describing the coral reefs of the
US Virgin Islands since the 1950s
(Rogers et al. 2008, Smith et al.

2011, 2013, Edmunds 2013, Friedlander et al. 2013).
It is not the only project addressing landscape-scale
variation in coral reefs in this region (e.g. Rogers &
Miller 2006, Smith et al. 2011, 2013, Friedlander et al.
2013), but it is unusual in the extent to which it can be
used in the future to support spatio-temporal con-
trasts through comparison with decadal-scale moni-
toring conducted with similar methods, standardized
by depth. This potential has yet to be fully realized
for St. John and St. Thomas (although the best con-
trasts are reported by Rogers & Miller 2006, Smith et
al. 2011, 2013, and Friedlander et al. 2013), but by
focusing on spatial variation at ~10 m depth in 1 year,
the present analysis tested 3 hypotheses that are rel-
evant to achieving this potential.

First, tests for differences between islands (Hypo -
thesis 1) revealed that overall coral reef community
structure was indistinguishable between St. Thomas
and St. John. However, univariate analyses revealed
differences between islands in coral cover, with
St. Thomas having nearly twice as much coral as
St. John, and much of this attributed to Siderastrea.
Second, tests for shore effects (Hypothesis 2) re -
vealed no differences in overall coral reef community
structure or any component of the benthic commu-
nity, except for Siderastrea, which was more abun-
dant on south shores. Third, tests for interactive
effects of shores and islands (Hypothesis 3) revealed
no differences in overall coral reef community struc-
ture or any component of the benthic community,

145

Dependent Source df MS F p Power
variable

Coral Islands 1 1.404 5.619 0.045 ~0.84
Shore 1 0.029 0.117 0.741 ~0.84
Island × Shore 1 0.107 0.430 0.531 ~0.35
Site(Island × Shore) 8 0.250 12.460 <0.001
Error 461 0.020

Macroalgae Islands 1 2.124 1.308 0.286 ~0.30
Shore 1 0.900 0.554 0.478 ~0.30
Island × Shore 1 2.981 1.836 0.212 <0.30
Site(Island × Shore) 8 1.623 76.851 <0.001
Error 461 0.021

CTB Islands 1 1.926 5.129 0.053 ~0.70
Shore 1 0.027 0.072 0.796 ~0.70
Island × Shore 1 0.363 0.967 0.354 ~0.25
Site(Island × Shore) 8 0.376 13.182 <0.001
Error 461 0.028

Table 2. Results of statistical analyses of benthic community structure on St. John
and St. Thomas. Three-way nested ANOVAs were used to compare islands (fixed
effect), shores (north vs. south, fixed effect), and sites (random effect nested in is-
lands and shores), using photoquadrats as statistical replicates (n = ~40 site−1). The
percentage cover of coral, macroalgae, and CTB were used as dependent variables 

and were arcsine transformed prior to analysis. Significant values in bold
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except Siderastrea for which the discrepancy be -
tween shores was accentuated on St. Thomas.
Finally, the largest source of variation in coral reef
community structure was site, with this effect involv-

ing both multivariate and univariate aspects of ben-
thic community structure. Individual sites had
unique coral communities defined in part by the per-
centage cover of the most common coral genera.
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Fig. 5. Summary of post hoc, multiple con-
trasts among sites (site codes in Table 1) of
(A–C) 3 functional groups and (D−H) 5
dominant genera following univariate con-
trasts of each dependent variable among
sites. Sites, shore, and islands are listed only
on bottom panels, with sites in the same
sequence as in Figs. 3 & 4. Post hoc con-
trasts were conducted with a Bonferonni
procedure, and significant differences (p < 

0.05) are shaded
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Therefore, the community structure of the shallow
coral reefs around St. John and St. Thomas was
largely scale independent. The strong variation
among sites did not indicate scale-dependency
because the form and direction of variation was
inconsistent, and it was measured at the same local
scale at all sites. There was, however, evidence of
scale dependency in coral cover that differed pre-
dictably between islands, and Siderastrea cover that
was greater on south shores.

The decadal-scale analysis of Edmunds (2013)
focused on reefs between Cabritte Horn and White
Point. One site was an Obicella annularis-dominated
habitat at 14 m depth (Tektite), one was an O. annu-
laris-dominated habitat at 9 m depth (Yawzi Point),
and 6 sites sampled a near-shore habitat at 7 to 9 m
depth where O. annularis has remained uncommon
since 1992. The near-shore sites were randomly se -
lec ted in 1992, and Edmunds (2013) combined these
sites as the ‘pooled random sites’ (PRS) to describe
this fringing reef habitat. The present study sampled

a habitat similar to that encoun-
tered at the PRS and used a sam-
pling re gime supporting a bal-
anced contrast between islands
and shores that included a random
subset of the PRS data from 2011.
The reefs censused only in 2011
were similar to those at the PRS,
although Inner Brass included pat -
ches of Orbicella annularis com-
parable to those at 9 m depth at
Yawzi Point (Edmunds 2013). In
evaluating the ecological signifi-
cance of the present spatial analy-
sis, 3 findings from this temporal
analysis are particularly relevant.

First, in 2011, coral reef com -
munity structure differed among
habitats in the temporal analysis,
with a mean coral cover of 3.8% at
PRS, 6.7% at Yawzi Point, and
28.6% at Tektite, and macroalgae
covered 25.4% to 37.7% of the
benthos. Orbicella annularis ac -
coun ted for 77 to 78% of the coral
cover at Yawzi Point and Tektite
but was uncommon at the PRS,
where the dominant genera were
Montastraea (0.9% cover), Sider -
astrea (0.8%), Porites (1.0%), Dip -
loria (0.2%), and Agaricia (0.1%).
Therefore, similar to the present

analysis, the long-term analysis reveals spatial varia-
tion in coral reef community structure on a scale of
kilometers. Second, between 1987 and 2011, mean
coral cover at Yawzi Point declined from 44.6 to
6.7%; at Tektite, it increased from 32.2 to 48.8% in
2002 but then declined to 28.6% in 2011, and at the
PRS, it remained between 2.8% (2008) and 4.5%
(1993) from 1992 to 2011. As trajectories of change
in coral community structure differed among nearby
habitats exposed to similar physical conditions,
 community dynamics were not solely dependent
on spatially and temporally coherent disturbances.
Therefore, the ways in which areas of reef responded
to common biological and physical conditions in the
long-term analysis contributed to spatial variation in
coral reef community structure similar to that des -
cribed in the present analysis. Finally, annual sur-
veys of juvenile coral abundance (≤4 cm diameter)
revealed asynchronous variation for 6 genera that
included multiple and successive increases and
decreases. Juvenile corals are the products of recruit-

147

Dependent Source df MS F p Power
variable

Orbicella Islands 1 0.046 0.170 0.691 ~0.76
Shore 1 0.060 0.218 0.653 ~0.76
Island × Shore 1 0.219 0.791 0.400 ~0.33
Site(Island × Shore) 8 0.276 23.569 <0.001
Error 461 0.012

Montastraea Islands 1 0.105 0.757 0.410 ~0.97
Shore 1 0.093 0.671 0.436 ~0.97
Island × Shore 1 0.089 0.637 0.448 ~0.58
Site(Island × Shore) 8 0.139 11.088 <0.001
Error 461 0.013

Porites Islands 1 0.051 0.490 0.504 >0.98
Shore 1 0.149 1.428 0.266 >0.98
Island × Shore 1 0.372 3.560 0.096 ~0.71
Site(Island × Shore) 8 0.104 16.642 <0.001
Error 461 0.006

Siderastrea Islands 1 0.444 22.767 0.001 >0.99
Shore 1 1.194 61.215 <0.001 >0.99
Island × Shore 1 0.406 20.794 0.002 >0.90
Site(Island × Shore) 8 0.020 1.867 0.063
Error 461 0.010

Agaricia Islands 1 0.001 0.048 0.832 >0.99
Shore 1 0.019 0.737 0.416 >0.99
Island × Shore 1 0.044 1.733 0.224 >0.90
Site(Island × Shore) 8 0.025 7.138 <0.001
Error 461 0.004

Table 3. Results of statistical analyses of coral community structure on St. John
and St. Thomas. Three-way nested ANOVAs were used to compare islands
(fixed), shores (north versus south, fixed), and sites (random, nested in islands and
shores), using photoquadrats as statistical replicates (n = ~40 site−1). The percent-
age coverage of the 5 dominant genera were used as dependent variables and 

were arcsine transformed prior to analysis. Significant values in bold
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ment and post-settlement success over several years,
and variation in their density reflects changing capa -
cities of coral populations to grow. Therefore, the
long-term analysis demonstrates that variation in
densities of juvenile corals could contribute to spatial
variability in coral reef community structure similar
to that described in the present study. Below, these 3
findings are used to enhance the interpretation of the
present spatial analysis.

Variation between islands and shores 
(Hypotheses 1 to 3)

The 3 hypotheses framing the present analysis
were not rejected with multivariate analyses of coral
reef community structure and were rejected for only
2 of 8 categories of benthic groups analyzed with uni-
variate procedures. Since north and south shores of
St. John and St. Thomas differ in hydrodynamic re -
gime associated with oceanic swells driven by trade
winds (Brown & Dunne 1980, Rogers et al. 2008), and
St. John and St. Thomas differ in human population
sizes (4197 on St. John versus 51 181 on St. Thomas in
2010 [www.census.gov]) and in the proportion of
land and sea within protected areas (more on
St. John versus St. Thomas; Rogers et al. 2008), it was
surprising to detect so little variation between islands
and shores and to find higher coral cover around
St. Thomas versus St. John. Identifying the causes of
these patterns will require further hypothesis testing,
but the patterns themselves demonstrate that the
assumption that coral reefs would be ‘better’ on a
smaller island with fewer people and proportionally
more land and sea within protected areas (i.e.
St. John) is incorrect (cf. Sandin et al. 2008).

Clearly, the efficacy of the experimental design in
the present analysis is critical in evaluating the bio-
logical significance of the results. Relative to recent
studies of coral reefs in this region, sites in the pres-
ent analysis were quantified with a high degree of
precision — arising both from the number of replicate
photoquadrats (~40 site−1) and the number of deci-
sions (200) associated with identifying the benthos in
each image — but the number of sites surveyed was
limited. For example, Friedlander et al. (2013) drew
upon an extensive data set from numerous sites in
the US Virgin Islands (http://www8.nos.noaa.gov/
bpdmWeb) to describe benthic communities on reefs
around St. John, which was based on 677 sites in
water ≤30 m deep from 2001 to 2009. Their analysis
reported a grand mean coral cover of 4.9 ± 6.4%
(±1 SD) on hard surfaces, with coral cover differing

among reefs inside versus outside the VI National
Park. Their habitat maps, however, reveal a high
degree of homogeneity among sites in cover of major
components of the benthos, although the resolution
for percentage cover was relatively coarse. In a se -
parate study, Smith et al. (2011) described benthic
communities on 12 reefs at 6 to 20 m depth around
St. Thomas. Over 5 to 11 years between 2001 and
2011, a variety of trends for coral reef community
structure were recorded, with strong differences
among sites in the final year analyzed (2011). Coral
cover declined on 5 reefs, increased on 1 reef, and
remained virtually unchanged on 6 reefs as well as
on an additional reef at 7 m depth off St. John. In
2011, mean coral cover ranged from ~4% at South
Water (20 m depth) to ~34% at Brewers Bay (6 m
depth). Although the present study uses fewer sites
than Friedlander et al. (2013) or Smith et al. (2011),
these studies do not make a compelling case that the
present study under-sampled for the purpose of com-
paring between islands and shores at a single depth.
Indeed, given the differences in methods among
these studies, notably with the results of Friedlander
et al. (2013) and Smith et al. (2011) coming from a
range of depths and utilizing dissimilar means of
assessing benthic cover, it is not possible to conclude
that the results for benthic community structure are
inconsistent among studies. Further, as the power for
detecting main effects in the univariate analyses in
the present study was high for most dependent vari-
ables (except macroalgae), the variation (or similar-
ity) of benthic community structure between islands
and shores is likely to be biologically meaningful, at
least for near-shore reefs at ~10 m depth.

The present study shows that coral reefs at ~10 m
depth differed among sites in 2011, but it cannot
demonstrate that these differences have persisted
over multiple years. Decadal-scale analyses of coral
reefs around St. John and St. Thomas demonstrate
that such site effects can be persistent (Smith et al.
2011, Friedlander et al. 2013), but since at least some
of these reefs have changed over time (Rogers &
Miller 2006, Smith et al. 2011), there is little reason to
expect that historic spatial variation in coral reef
community structure would be similar to that ob -
served on contemporary reefs. Over longer periods, it
is even less likely that contemporary coral reef com-
munity structure, or its spatial variation, is represen-
tative of what once was found on the same reefs
(Jackson 1997). The Caribbean-wide mortalities of
Acropora spp. by white band disease in the early
1980s (Aronson & Precht 2001) and the sea urchin
Diadema antillarum by an unknown pathogen in
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1983 (Lessios et al. 1984), 3 major coral bleaching
events in 1987, 1998, and 2005 (Glynn 1993, Aronson
et al. 2002, Smith et al. 2013), and increasing human
population size and terrestrial development provide
4 examples of disturbances causing contemporary
Caribbean reefs to differ markedly from those that
would have been found >40 yr ago. Together, the
combined effects of such disturbances favor biotic
homogenization of coral reefs (Hoegh-Guldberg et
al. 2007, Burman et al. 2012), notably with increased
abundances of ‘weedy’ corals (Green et al. 2008), and
this could explain why aspects of the shallow reefs of
St. John and St. Thomas now statistically are indistin-
guishable. Presumably, spatial variation in the im -
pacts of these disturbances around St. John and
St. Thomas could create the island- and shore-based
effects for the cover of coral and Siderastrea, respec-
tively, but without more detailed information about
site-specific community dynamics these possibilities
cannot be resolved.

Potential mechanisms of spatial variation

Local-to-landscape scale patchiness in coral reefs
is common (Done 1982, Rogers 1993, Hughes et al.
2012), and many reefs differ over several kilometers
in percentage cover of corals, macroalgae, CTB, and
select coral genera (Done 1982, Bruno & Selig 2007,
Schutte et al. 2010, and many references therein).
Although well documented, understanding of the
causes of this variation is incomplete, and often it is
explained as a product of a mosaic of reef patches
differing in time since the last disturbance (Karlson &
Hurd 1993, Done 1999). While such an explanation
can account for some differences among nearby
reefs, it does not explicitly consider the roles of mor-
tality, growth, larval supply, settlement success, or
post-settlement performance of corals in driving vari-
ation in coral community structure (Hughes et al.
2012). Such processes can create spatial heterogene-
ity in coral community structure through density-
dependent settlement (Vermeij & Sandin 2008),
episodic high recruitment reminiscent of masting
(Edmunds & Elahi 2007), variation in post-settlement
success, or the delivery of larvae to vacant space suit-
able for settlement (Sutherland 1974). Recent evi-
dence suggests that the aforementioned processes
can function as flexible (rather than rigid) assembly
rules driving large-scale spatial variation in coral
community structure (Hughes et al. 2012).

In the present study, the strong differences among
sites in coral reef community structure included large

effects for individual coral genera. For example,
Montastraea (M. cavernosa) occupied 8.8% of the
benthos at Magens Bay but only 0.2% at Inner Brass
~4 km away, Orbicella occupied 9.5% of the benthos
at Inner Brass yet only 0.3% at Cow and Calves
~15 km away, and Agaricia occupied 1.1% of the
benthos at Whistling Cay but <0.1% at PRS ~7 km
away (Fig. 3). These patterns focus attention on at
least 2 hypotheses that could account for variation
over several kilometers in coral reef community
structure. First, it is possible that the differences
among sites in the abundance of coral genera repre-
sent the spatial sampling of communities at different
stages of recovery following disturbances, with the
differential abundance of genera reflecting deter-
ministic successional stages of community develop-
ment (sensu Ricklefs 1990). While there is evidence
that changes in coral reef communities can be inter-
preted in a successional context (Connell & Slatyer
1977, Karlson & Hurd 1993), the temporal progres-
sion of corals appearing on a recovering reef does not
follow a deterministic sequence (Rogers 1993), as
would be expected under the facilitation and toler-
ance models of succession proposed by Connell &
Slatyer (1977).

Second, rather than reflecting differential sam-
pling of a successional sequence differing in time
since the last disturbance, the site effects could re -
flect the interplay between a spatio-temporal mosaic
of disturbances and a temporally dynamic supply of
coral larvae varying in quantity and relative species
composition. In this construct, coral community struc-
ture at each site is determined by the taxonomic com-
position of the larval assemblages reaching disturbed
areas, and thereafter, the newly recruited corals
interfere with the capacity of subsequently-arriving
coral larvae to settle, metamorphose, and grow. This
mechanism is the ‘inhibition’ model of succession
described by Connell & Slatyer (1977) (see also
Sutherland 1974) and later described as ‘priority
effects’ (Shulman et al. 1983) that are enjoying
renewed attention (Chase 2010).

Assuming that deterministic succession following
disturbances cannot account for the landscape-scale
variation in coral reefs reported here, is there evi-
dence supporting the inhibition/priority effects hypo -
thesis? Although nothing is known about the extent
to which the supply of coral larvae varies over time,
the reproductive biology of corals suggests that spe-
cies composition and relative abundances will vary
within and among years. Pelagic coral larvae will, for
example, be most abundant following the discrete
breeding events characterizing most corals (Harrison
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& Wallace 1990), and the taxonomic composition of
larval assemblages will vary with the differing timing
of reproduction among coral species (Harrison &
Wallace 1990). Furthermore, fecundity (as a cause of
variation in larval supply) will differ among years
varying in physical conditions, and be depressed in
(or following) adverse years such as those in which
bleaching occurs (Szmant & Gassman 1990). The
aforementioned factors suggest that coral recruits
will vary in taxonomic composition depending on
when settlement space is available. Settlement tiles
on shallow reefs (5 to 6 m depth) in St. John show that
the relative abundances of coral recruits vary within
a year, with more poritids than agaricids from Janu-
ary to August and more agaricids than poritids from
August to January (Green & Edmunds 2011).

Further evidence of variation in coral recruitment
comes from surveys of juvenile corals (i.e. ≤40 mm di-
ameter) on reefs between Cabritte Horn and White
Point (Edmunds 2013). The population density of ju-
venile corals pooled among taxa varied markedly
from 1994 to 2011, and this trend was composed of
asynchronous variations for the most common genera,
each of which displayed repeated episodes of waxing
and waning abundance (Edmunds 2013). Although
identifying the causes of these trends is made difficult
by the upper age limit of these small corals (i.e. 7 to
9 yr; Edmunds 2007) — which means that their popu-
lation sizes are determined by multiple years of re-
cruitment, growth, and mortality — nonetheless, the
variation in population density is consistent with the
hypothesis that recruitment varied among years and
probably in dissimilar ways for multiple genera.
Given the differences in the cover of coral genera
among sites around St. John and St. Thomas, signs
that coral recruitment varies among years are impor-
tant, because this finding supports the possibility that
the taxonomic identity of the corals recruiting to dis-
turbed reefs will differ among years in which distur-
bances occur in different months. Variation in the first
arrivals to a vacant community is a prerequisite for the
inhibition/priority effects hypothesis to favor the for-
mation of dissimilar communities among multiple
sites (Connell & Slatyer 1977).

In summary, the present study underscores the
importance of identifying the causal agents of land-
scape-scale (i.e. over 20 to 200 km) variation in coral
reef community structure, with the inhibition/priority
effects hypothesis as one possibility that might war-
rant attention. Long-term monitoring can provide a
means to test this hypothesis, because the stochastic
aspects of the inhibition/priority effects hypothesis
predict shifts in generic composition of coral commu-

nities following disturbances. In other words, the
assembly rules for these communities will be flexible
(sensu Hughes et al. 2012). It is also a research prior-
ity to elucidate the extent to which unique coral com-
munity assemblages affect trajectories of change in
community structure, for this could provide impor-
tant insights into conservation priorities for protect-
ing coral reefs of unusual cover or species composi-
tion (Graham et al. 2014).
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