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Figure 6. Classification and ordination of in situ coral counts and CPCe
data at St. Croix. (A,E) Dendrograms correspond to the nMDS plots. (B,
F) Ordination of sites (C,G) have the same ordination with sites coded by
depth range (D,H), which have the same ordination with sites coded by
their N–S position on island.

Figure 7. Ordination of CPCe data of transects pooled per site. All sites
are from Vieques and St. Croix. (A) Depth zone, (B) differentiation N–S,
(C) situation relative to bombing range, (D) identification of sites on St.
Croix and Vieques.

Table 2. Summary of diversity statistics for Vieques and St. Croix sites.1

Shallow Medium Deep K-W All N All S U LIA EMA U

VIEQUES
S 13 � 6 15 � 4 12 � 3 0.007* 13 � 4 14 � 5 0.002* 14 � 4 13 � 6 0.096
N 139 � 122 197 � 104 178 � 5 0.25 132 � 81 212 � 125 0.001* 191 � 111 133 � 107 0.238
Margalef 2.45 � 0.93 2.7 � 0.7 2.13 � 0.53 0.002* 2.42 � 0.84 2.55 � 0.75 0.017* 2.51 � 0.65 2.43 � 1.03 0.562
Evenness 0.75 � 0.14 0.7 � 0.08 0.72 � 0.11 0.99 0.76 � 0.12 0.74 � 0.09 0.236 0.75 � 0.09 0.74 � 0.14 0.563
Shannon 1.81 � 0.52 2.06 � 0.35 1.76 � 0.37 0.089 1.86 � 0.48 1.95 � 0.36 0.012* 1.96 � 0.30 1.79 � 0.60 0.056
1-Simpson 0.74 � 1.69 0.82 � 0.07 0.76 � 0.10 0.034* 0.77 � 0.14 0.79 � 0.09 0.020* 0.80 � 0.08 0.74 � 0.17 0.080

ST. CROIX
S 12 � 1 18 � 3 12 � 3 0.026* 15 � 4 12 � 3 0.15
N 140 � 39 224 � 94 220 � 72 0.09 196 � 73 186 � 82 0.6
Margalef 2.24 � 0.12 3.16 � 0.35 2.07 � 0.64 0.031* 2.63 � 0.59 2.18 � 0.57 0.11
Evenness 0.79 � 0.04 0.82 � 0.02 0.71 � 0.10 0.072 0.79 � 0.05 0.75 � 0.10 0.67
Shannon 1.98 � 0.12 2.38 � 0.11 1.78 � 0.37 0.013* 2.12 � 0.23 1.89 � 0.39 0.17
1-Simpson 0.83 � 0.03 0.88 � 0.01 0.76 � 0.09 0.008* 0.84 � 0.03 0.79 � 0.09 0.4

1 Differences among shallow, medium, and deep sites were evaluated by Kruskal-Wallis tests, with significance given in column K-W. North (N) versus
south (S) and live impact area (LIA � bombing range) versus external maneuver area (EMA) were tested with Mann-Whitney U tests; the significance
levels are given in column U. Significance is indicated by *.

Coralline algae were most abundant at medium depths.
Bleached corals were only found at medium sites, while diseased
corals were found at medium and deep sites.

Bubble plots of St. Croix showed the five most common

stony corals occurring at all sites with no N–S trend but some
depth zonation (Figure 10). In particular, S. radians occurred
more frequently at medium sites. Ag. agaricites was more
common at deep sites, while S. siderea, P. astreoides, and D.
strigosa did not show any preferred depth distribution. Over-
all, depth zonation at St. Croix was similar to Vieques. Bub-
ble plots of benthic categories showed bare substratum (sand,
pavement, rubble) to be abundant at all depths. Stony corals
were most abundant at medium sites, while alcyonaceans
were more abundant at deep sites (Figure 11).

Vieques and St. Croix: Differences between the North
and the South Coasts?

Neither at Vieques nor at St. Croix were differences found
among benthic assemblages at the north and south coasts
(Figures 6D, 6G; Vieques: ANOSIM global R � 0.019; St.
Croix: global R � 0.186; p � 0.05). Also, Figure 7B shows an
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Figure 8. Bubble plots of stony coral frequency at Vieques. Ordination maps are same as those in Figure 5 but superimposed with bubbles of size relative
to coral frequency.

absence of a clear N–S differentiation. Total benthic diversity
differed between north and south at Vieques (Table 2). At St.
Croix, no N–S differences in stony diversity (Table 2) or coral
frequency were found in either in situ coral counts or CPCe
data (ANOSIM: R � 0.036, global R � 0.101, p � 0.101).

Vieques: Differences between Inside and Outside the
Bombing Range?

Neither in situ coral counts (ANOSIM: global R � 0.08, p
� 0.11) nor CPCe data (global R � 0.035, p � 0.25) suggested
differences of coral assemblages. The five most common stony

corals were widely distributed and found both inside and out-
side the bombing range. Diversity statistics based on in situ
coral counts showed no differences between inside and out-
side the bombing range, confirmed by Mann-Whitney U-tests
(Table 2). Also, in Figure 7C, the CPCe data of transects
pooled per site suggest no difference.

Differences between Vieques and St. Croix?

Neither in situ coral count data nor CPCe data of all ben-
thic categories from St. Croix and Vieques split in cluster
analysis or nMDS. Also, ANOSIM showed no significant dif-
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Figure 9. Bubble plots of benthic cover categories at Vieques, showing
some degree of depth preferences. For size of bubble relative to cover, the
depth code is superimposed, but size of depth icon is not related to any
value.

Figure 10. nMDS ordinations of in situ coral counts at St. Croix. The
bubble size corresponds to the relative abundance of species at each site.

ferences between Vieques and St. Croix (global R � 0.068, p
� 0.2). CPCe data pooled per site also revealed no division
of Vieques or St. Croix into separate clusters (Figure 7D).
This suggests that, overall, coral assemblages at the sites at
the two islands were similar in composition.

DISCUSSION

The most pronounced outcome of this study was the lack
of differentiation within and between the coral communities
of Vieques and St. Croix. The coral assemblages investigated
in the 24 sites at Vieques and St. Croix were overall similar
in composition and biotic coverage, although coral cover was
slightly higher at Vieques (8% stony corals, 8% alcyonaceans)
than at St. Croix (5% stony corals, 2% alcyonaceans).

According to the classical descriptions of Caribbean coral
community structure (GOREAU, 1959) and previous reports
(ANTONIUS and WEINER, 1982; MACINTYRE, RAYMOND, and
STUCKENRATH, 1983), a very clear depth zonation should
have been observable at both Vieques and St. Croix, defined
most strongly by an Ac. palmata zone with the highest coral
cover in the shallow sites. While some depth-dependent zo-

nation followed the geomorphology (Figure 2) at both islands,
its appearance was greatly diminished by the absence of ex-
tensive live Ac. palmata, most notably at Vieques. Coral cover
was not highest at shallow sites, but at medium sites, it was
a direct consequence of Ac. palmata mortality. Only skele-
tons, stumps, and rubble were still abundant (Figure 12). Un-
less live, as well as dead, corals were taken into account, the
classical Caribbean shallow Ac. palmata zone (GOREAU, 1959)
was barely visible. Where present, the few living Ac. palmata
and Ac. cervicornis were indeed mostly found at shallow sites,
with Ac. cervicornis also occurring at low abundance at many
medium and deeper sites. Previously dense Ac. palmata
thickets had mostly been replaced by smaller, but similarly
dense, frameworks of Millepora spp., now clearly dominant
corals in the shallow (Figure 8), while the depth distribution
of the other corals followed that known from the literature
(BURNS, 1985; GOREAU, 1959; JAAP, 1984; KINZIE, 1973;
LOYA, 1976; MOYER et al., 2003). The notable absence of shal-
low Acropora emphasized that stony corals and alcyonaceans
were more common away from the shallowest sites, which
were dominated by coralline algae and macroalgae. Thus, the
areas of previously highest coral cover in the Ac. palmata
zone had become areas with lower coral cover than the deeper
zones. At St. Croix, a depth zonation was more clearly visible
in the data, but here the great decline of Ac. palmata in the
shallow zone was dramatically visible.

Both at Vieques and at St. Croix, drastic changes had oc-
curred since earlier studies, the most obvious being the loss
of much of (St. Croix) or almost the entire (Vieques) Ac. pal-
mata zone. ANTONIUS and WEINER (1982) were the last to
illustrate dense stands of Ac. palmata in Bahia Salina del Sur
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Figure 11. Bubble plots of benthic cover categories at St. Croix. Size of
bubble signifies relative abundance of class and depth code is superim-
posed, but size of depth icon is not related to any value.

and around Roca Alcatraz at Vieques and noted that Ac. pal-
mata was by far the most common coral in their study sites
(more than 50% of all corals). HUBBARD et al. (2005) review
and discuss the situation at St. Croix. In our study, Ac. pal-
mata was a relatively rare species, with only vestigial stands
or skeletons at Vieques and much-reduced abundance of live
colonies at St. Croix. Our data show good agreement with the
decline documented by many (see HUBBARD, GLADFELTER,
and BYTHELL, 1993; HUBBARD et al., 2005). The reasons for
this decline are unclear at Vieques, but HERNANDEZ-CRUZ,
PURKIS, and RIEGL (2006) constrained the timing of the de-
cline via loss of optical signature of Ac. palmata in aerial im-
ages as between 1975 and 1985. This coincides with several
regional-scale disturbances known to have affected reefs,
such as the Diadema die-off (LESSIOS et al., 1984), hurri-
canes, and the beginning of the white-band disease epizootic
(GLADFELTER, 1982). ANTONIUS and WEINER (1982) ob-
served white-band disease at Vieques, which also killed Ac.
palmata in the wider Caribbean and the sites at St. Croix
(ROGERS, 1993a, 1993b). Thus, Ac. palmata mortality at Vie-
ques was likely due to one of the white diseases, and the low
number of standing dead Ac. palmata frameworks is likely
due to wave action by hurricanes (BLANCHON and JONES,

1997; ROGERS, 1993b; ROGERS, MCLAIN, and TOBIAS, 1991).
If corals died in the late 1970s, Tropical Storm Frederic
(1979) and Hurricanes David (1979), Hugo (1989), Marilyn
(1995), George (1998), and Lenny (1999) likely broke up the
skeletons. Also, the situation at St. Croix, with live acropor-
ids being relatively scarce although more conspicuous than
at Vieques, suggests the same deadly combination of hurri-
canes and diseases (ARONSON, PRECHT, and MACINTYRE,
1998; GLADFELTER, 1982; HUBBARD et al., 2005; ROGERS,
1993a).

Subtle differences existed in diversity between the north
and the south coasts of Vieques but not at St. Croix. While
southern Vieques is directly adjacent to the open oceanic con-
ditions of the Caribbean Sea and near a trough, the north
coast abuts the shallow bank waters of the Straits of Vieques
with more turbid conditions and greater temperature vari-
ability. ROBERTS, WILSON, and LUGO-FERNANDEZ (1992)
have shown the possible negative effects of shallow bank wa-
ters on reef development, and it is likely that the higher di-
versity on Vieques’s south shore is in reaction to clearer and
more temperate waters.

Were the reefs in Vieques, which were exposed to military
bombing, overall in worse or better shape than the reefs on
St. Croix? Military reef damage was studied in the 1970s and
1980s (DODGE, 1981; ROGERS, CINTRON, and GOENAGA,
1978). ANTONIUS and WEINER (1982) only reported localized
damage. DODGE (1981) found similar extension rates of Mon-
tastrea between areas inside and outside the bombing range.
DEPARTMENT OF NAVY (1980, 1986) reported military debris
covering 0.4% of seafloor, less than 0.3% of reefs with dam-
age, and only 2.24% of broken corals attributable to military
activities (GEOMARINE, 2002). We observed unexploded
bombs, casings, and ammunition shells around Roca Alca-
traz, inside Bahia Salina del Sur, and near Punta Icacos,
Punta Gato, Punta Fosil, and Isla Yallis. GEOMARINE (2002)
estimated ordinance hits on 1,722 m2 of coral reefs and 31,696
m2 of sea grass. PORTER (2000a, 2000b) claimed significant
damage by the navy. We found no differences in living ben-
thic coral reef cover or composition of coral assemblages in-
side and outside the bombing range or in comparison to reefs
investigated on St. Croix. This indicates not that zero impacts
occurred but rather that natural disturbances appear to have
altered the coral communities drastically, thus obscuring mil-
itary impacts.

The reefs at St. Croix were subjected to similar environ-
mental stressors (i.e., hurricanes, etc.) but manmade impacts
were more development and tourism related (e.g., anchoring;
ROGERS, 1993a) as compared to naval activities. Our study
shows differences in living benthic cover and coral assem-
blage structure were nonsignificant between the two islands.
The overall similarity of sites from Vieques and St. Croix sug-
gests that the assemblage structure of both systems may be
driven by comparable levels of disturbance. Our present
knowledge does not allow us to judge whether natural or an-
thropogenic, or at least anthropogenically mediated, events
disrupted the coral assemblages. But the fact that reefs at
St. Croix were certainly not in a better condition than those
at Vieques, and their condition comparable to that of many
other reefs in the Caribbean (GINSBURG, 1993; LANG, 2003),
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Figure 12. Images from Vieques: (A) Remnants and regeneration of formerly abundant A. palmata, which have all but disappeared from Vieques and
suffered severe mortality at St. Croix. (B) Most frameworks are broken into rubble, but (C) some standing dead colonies remain. (D) D. antillarum were
not rare in 2001 and 2005. (E, F) Military debris on reefs in the LIA. (G, H) The densest and most diverse coral growth of all sites was found on the
southern, deep reefs of the Vieques LIA.
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suggests that Caribbean-wide influences likely had the great-
er impact.
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