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Fig. 19 Porites astreoides cover at shallow reef stations (N=39). The mean, the rectangle is + one

standard deviation, and the vertical line is the range.

Fig. 20 Mosaic image of Western Sambo Shallow Station 2 (approximately 4 m of middle video
transect, 4) 1996 and 2002. Image product of Ravenview application software.
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Fig. 21 Acropora palmata cover, shallow offshore station (N=39). The mean, the rectangle is +
one standard deviation, and vertical line is the range.
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Fig. 22 Ordination by MDS of Bray-Curtis similarities between fourth-root transformed
percentage cover data for stony corals from each site within: a) shallow reefs; b) deep reefs; c)
patch reefs. Sites are grouped according to their location along the reef tract (Lower, Middle and
Upper Keys). Data from all sampling occasions are averaged for most sites, except for two within
each plot for which samples from different times are kept separate in order to illustrate the relative
magnitude of changes in time compared to differences between locations.
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Fig. 23 Ordination by MDS of Bray-Curtis similarities between fourth-root transformed

percentage cover data for stony corals from each site within: a) shallow reefs in the Lower Keys;

b) deep reefs in the Lower Keys; c) patch reefs in the Lower Keys; d) shallow reefs in the Middle
Keys; e) deep reefs in the Middle Keys; f) patch reefs in the Middle Keys; g) shallow reefs in the
Upper Keys; h) deep reefs in the Upper Keys; i) patch reefs in the Upper Keys. Sites are grouped
according to their location along the reef tract (Lower, Middle and Upper Keys). Data from each

sampling occasion are the average percent cover across all samples at each site. Lines join
consecutive samples from each site, and are intended as an aid to interpreting changes through

time (time-trajectories) at different sites.
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Dry Tortugas

Fig. 24 The Dry Tortugas, Florida.
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Fig. 25 Coral cover trends, Bird Key Reef, Dry Tortugas: 1975-2004. Source: Jaap et al. 1989,
Jaap unpublished, J. Miller unpublished.
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Fig. 26 (a) Topographic and (b) oceanographic complexity along the Florida Keys coral reef
ecosystem from Miami to the Dry Tortugas. Circulation gyre exhibited in the proximity of the
Dry Tortugas in the lower panel.
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Fig. 27 South Florida (Monroe, Collier, Dade, Broward and Palm Beach Counties commercial and
recreational vessel registrations by year ( Source: Florida Statistical Abstract 2006, Table 19.45 -
State of Florida, Department of Highway Safety and Motor Vehicles, Bureau of Vessel Titles and
Registrations; http://www.hsmv.state.fl.us/dmv/vslfacts.html).
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Fig. 28 Spawning potential ratio (SPR) analysis for 34 exploited species in the snapper-grouper
complex from the Florida Keys for the period 2000-2002. Dark bars indicate overfished stocks and
open bars indicate stocks above the 30% SPR standard. Source: Ault, J.S. et al. 2005. ICES
Journal of Marine Science 62: 417-423.
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Fig. 29 Black grouper (Mycteroperca bonaci) size distributions from the Tortugas region in 1999-
2000 (Top) and 2004 (Bottom), before and after the establishment of the Tortugas Ecological
Reserve in 2001. Blue bars represent size classes larger than the minimum legal minimum size.
Percentages show the proportion of the population larger that the legal minimum size of capture.
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Fig. 30 Red grouper (Epinephelus morio) size distributions from the Tortugas region in 1999-2000
(Top) and 2004 (Bottom), before and after the establishment of the Tortugas Ecological Reserve in
2001. Blue bars represent size classes larger than the minimum legal minimum size. Percentages
show the proportion of the population larger that the legal minimum size of capture.
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Fig. 31 Black grouper (Mycteroperca bonaci) size distributions in 2004 from three different
managed zones: Fished areas on the Tortugas Bank (Top), unfished areas on the Tortugas Bank in
the Ecological Reserve (Middle), and recreational angling only areas in Dry Tortugas National
Park (Bottom). Blue bars represent size classes larger than the minimum legal minimum size.
Percentages show the proportion of the population larger that the legal minimum size of capture.
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Fig. 32 (a) Millepora complanata (Lamarck, 1816) [Bladed Fire Coral], Western Sambo Reef, 3 to
5 m, July 26, 2004. (b) Gorgonia ventalina Linnaeus, 1758 [Common sea fan], Western Sambo
Reef, 3 to 5 m, July 26, 2004. (c) Briareum asbestinum (Pallas, 1766) [Deadman’s finders],
Western Sambo Reef, 3 to 5 m, July 26, 2004, photo credit W. Jaap. (d) Siderastrea radians
(Pallas, 1766) [Lesser Starlet Coral], Smith Shoal, 6 to 7 m, July 24, 2004 (photo credits W. Jaap).

Please provide me with the original pics. | need to r5earrange to make look
like Fig 34

88



Fig. 33 (a) Madracis mirabilis sensu Wells, 1973 [Yellow pencil coral], Western Sambo Reef, 3 to
5 m, July 26, 2004. (b) Acropora palmata (Lamarck, 1816) [Elkhorn coral], Western Sambo Reef,
3 to 5 m, July 26, 2004. (c) Acropora cervicornis (Lamarck, 1816) [Staghorn coral], Western
Sambo Reef, 3 to 5 m, July 26, 2004. (d) Agarica agaricites (Linnaeus, 1758) [Lettuce coral],
Smith Shoal, 6 to 7 m, July 24, 2004 (photo credits W. Jaap).

Please provide me with the original pics. | need to r5earrange to make look
like Fig 34
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Fig. 34 (a) Mycetophyllia ferox Wells, 1973 [Rough cactus coral], Western Sambo Reef, 3 to 5 m,
July 26, 2004. (b) Solenastrea bournoni Milne Edwards and Haime, 1849 [Smooth star coral],
Smith Shoal, 6 to 7 m, July 24, 2004. (c) Diploria strigosa (Dana, 1846) [Symmetrical brain
coral] and Spirobranchus giganteus (Pallas, 1766) [Christmas tree worm], Western Sambo Reef, 3
to 5 m, July 26, 2004. (d) Mussa angulosa (Pallas, 1766) [Large flower coral], Western Sambo
Reef, 3 to 5 m, July 26, 2004 (photo credits W. Jaap).
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ABSTRACT: Survival and growth of shallow-water gorgonian colonies were monitored from early
winter 1983 to late spring 1988 at 2 exposed sites on the southwest coast of Puerto Rico. Survival rates
were about 92 % yr~! at both sites, relatively constant during the study period, and not significantly
different among species. The major sources of mortality were detachment, fracture of the axial skeleton
near the colony base, and competitive overgrowth. Sources of mortality differed significantly between
sites but apparently not among species. Growth rates (increases in colony height) averaged about
2.0 cm yr~! for most species and ranged from 0.8 to 4.5 cm yr~! among species. All species displayed
high intraspecific variations in growth. Results emphasize the similarities, rather than differences, in the

growth and survival of shallow-water gorgonian species.

INTRODUCTION

The organization of coral reef communities 1Iis
undoubtedly related to the extent to which species
differ ecologically (e.g. Connell 1978). In this report we
examine the survival and growth of shallow-water gor-
gonian colonies in Puerto Rico as a preliminary assess-
ment of species-specific patterns in this community.
Previous studies on colony survival and growth rates
for gorgonians in the Caribbean have been conducted
by Cary (1914), Kinzie (1974), and Yoshioka (1979),
among others. In general these studies indicate that
colonies expenence relatively low mortalities and high
variability in growth rates. For instance, > 95 % of the
Gorgonia ventalina colonies survived and variations in
growth were comparable to the mean, 2.6 1.9 cm
(expressed as 95 % CI), over a 230 d period in Panama
(Birkeland 1974). Unfortunately however, detailed
comparisons among gorgonians are largely precluded
because such studies were conducted over short
(= 1 yr) periods in widely scattered locales and limited
to single (or a few) species.

The combination of low mortality and large short-
term variability in growth indicates that the statistical
detection of species-specific differences, if any, would
be difficult. These difficulties are potentially alleviated
by long-term observations. Differences in survival
should become more apparent with time and variations
in growth may be reduced if such variations represent

© Inter-Research/Printed in Germany

an ‘artifact’ of short-term measurements. In addition,
observations of several species at a given site would
reduce variability caused by site-specific effects.

In this report we examine colony survival and growth
rates for several shallow-water gorgonian species over
a 4.5 yr period, from early winter 1983 to late spring
1988, at 2 sites on the southwest coast of Puerto Rico.
We also attempt to identify sources of colony mortality
and factors responsible for variations in growth rates.
We then interpret these results in terms of ecological
differentiation among shallow-water gorgonians of the
Caribbean.

STUDY SITES AND METHODS

Growth and survival of gorgonian colonies were
studied at 2 sites near La Parguera on the southwest
coast of Puerto Rico. One site (17°56.2" N, 67°3.2" W) is
located about 0.5 km offshore of Media Luna reef
(henceforth called Media Luna) and has low relief at a
depth of 6.7 m. The other site (17°55.7' N, 67°4.4" W) is
located about 1 km offshore of San Cristobal reef
(henceforth San Cristobal) and has moderate topo-
graphic relief at a depth of 10.6 m. Both sites are fully
exposed to wave action generated by the easterly
tradewinds, although surge is noticeably more evident
at Media Luna due to its shallower depth. The sessile
fauna is visually dominated by gorgonians at both sites.

0171-8630/91/0069/0253/$ 03.00
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Percent cover by scleractinian corals and other sessile
fauna is about 8 and 25% at Media Luna and San
Cristobal respectively (V. Vicente pers. comm.).

Gorgonian colonies were monitored in a 1 X 32m
transect at both sites from early winter 1983 to late
spring 1988. Colony survival and heights (measured to
the nearest cm) were usually monitored at 6 mo inter-
vals. Individual colonies were located by placing a
0.5m? (0.5 x 1.0 m) quadrat subdivided into 1/16 m?
(25 x 25 cm} areas along the transect. A chain and
nails placed at 0.5 m intervals in the center and along
the edges of the transect were used to reposition quad-
rats between surveys.

Gorgonians were identified by field characteristics,
although identifications of large colonies (= 25 cm in
height) were verified by spicule preparations {follow-
ing Bayer 1961) from branch tip samples. Unfortu-
nately, several individuals could not be identified to
species level because of small colony size or variations

Mar. Ecol. Prog. Ser. 69: 253-260, 1991

in spicule and field characteristics. However, these
difficulties do not unduly affect the results because the
number of colonies involved was relatively small
(= 15%).

In addition to recording the height and survival of
colonies, we noted possible causal factors. These
included weakening of the substratum, loosening of
the holdfast, tissue damage arising from various biolog-
ical or physical sources, the presence of predators, and
overgrowth by other organisms.

DATA ANALYSIS

We used the Kolmogorov-Smirnov 2-sample test
(rather than tests of central tendency) to detect size-
specific patterns of mortality because both smaller and
larger colonies may experience higher mortalities
(Birkeland 1974). Other aspects of colony mortality

Table 1. Numbers and sizes (heights in ¢m) of colonies which died or survived at San Cristobal and Media Luna. Sizes are for fall

1983. n: no. of colonies; X: mean; (SD): Standard Deviation; Med: Median; (W): range; %S: % survival over the entire 4.5 yr study

period; % S yr™!: % survival on an annual basis. Annual survival was calculated on initial and final colony numbers assuming a
constant mortality rate

Species Live
n X (SD) Med

Media Luna
Pseudopterogorgia americana 21 235 (21.6) 18.0
P. acerosa 12 69.6 (41.3) 59.0
Plexaura flexuosa 14 288 (1819) 245
Pseudoplexaura wagenaari 30 214 (10.5) 24.3
P. porosa 14 22.1 (7.4) 2038
Gorgonia ventalina 22 337 (20.8) 37.0

Subtotal 113

Other species 62

GRAND TOTAL 175
San Cristobal
Pseudopterogorgia americana 77 233 (17.5) 21.0
P.acerosa 24 368 (27.6) 315
Plexaura flexuosa 44 227 (18.8) 18.5
P. homomalla 19 183 (10.9) 20.0
P. homomalla f. kukenthalli 22 119 (6.1) 11.8
Pseudoplexaura wagenaan 39 292 (11.7) 27.0
P. porosa 28 268 (10.3) 28.3
Eunicea tourneforti 22 220 (158) 19.8
E. laxispica 16 12,6 (8.0) 11.0
E. succinea 14 174 (9.6) 20.0
Gorgonia ventalina 37 240 (216) 1838
Muriceopsis flavida 21 155 (12.8) 13.0
Plexaurella dichotoma 18 41.5 (25.2) 46.0

Subtotal 381

Other species 112

GRAND TOTAL 493

Dead %S %S

(W) n X {SD) Med (W) yr™!
(1-94) 14 334 (23.1) 305  (1-86) 60.0 89.3
(12-140) 4 493 (29.8) 610  (5-79) 750 93.8
(2-59) 12 39.5 (25.5) 44.0  (1-68) 538 87.1
(1-42) 15 122 (11.7) 100 (1-36) 66.7 914
(1-31) 9 173  (93) 180 (1-32) 60.9 89.6
(1-68) 6 6.9 (46) 7.0 (2-15) 786 94.8
61 64.9  90.9

24 72.1  93.0

85 67.3 91.6

(1-81) 25 326 (31.4) 19.0 (2-110) 754 939
(3-110) 9 277 (288) 150 (2-79) 727 932
(1-77) 20 158 (14.5) 135 (1-52) 68.8  92.0
(1-40) 12 164  (9.8) 122  (4-32) 61.3 89.7
(3-29) 15 98 (68 7.5 (2-27) 59.5 89.1
(8-58) 8 227 (19.7) 16.0 (6-61) 83.0 959
{10-51) 11 273 (12.8) 27.0 (7-67) 71.8 929
(1-72) 7 173 (13.8) 14.5  (4-36) 759  94.0
(2-25) 10 126 (10.5) 7.0 (1-32) 61.5 89.8
(3-21) 3 220 (7.6) 21.0 (15-30) 82.4 958
{1-102) 16 17.6 (19.3) 185  (1-50) 69.8 92.3
(1-38) 9 164 (144) 125 (3-38) 70.0 924
(4-104) 3 240 (225} 250  (1-46) 857 96.6
148 727 93.0

62 644 907

210 70.1 924
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were analyzed by tests of frequencies (G-test; Sokal &
Rohlf 1981), and consequently restricted to instances
when = 80 % of expected values were = 5.

Analyses of growth rates were limited to colonies
which survived through the entire study period
because of our desire to obtain long-term estimates of
growth. Growth estimates were based on the initial
(early winter 1983) and final (late spring 1988) meas-
urements of colony heights. Also, to ensure that
estimates of variability in growth rates were not unduly
affected by small sample size, analyses were restricted
to species where > 10 colonies survived at a site. All
measurements, including instances of negative growth,
were used in these analyses. As a consequence it
should be noted that the resultant estimates represent
the net rather than ‘optimal’ growth rates. Normality
and equality of vanances in growth rates were
examined with the Kolmogorov-Smirnov 1-sample test
and the F-test respectively, prior to analyses of differ-
ences in growth rates among species. The 0.05 level
was used as the criterion for statistical significance.

RESULTS
Colony mortality rates

We compared the heights of colonies that survived or
died during the study period by using the initial meas-
urements of early winter 1983 (Table 1). No significant
differences were observed for any taxa at either site
(Kolmogorov-Smirnov 2-sample test). [This result is
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Fig. 1. Semi-logarithmic plot of gorgonian colony survival at

the Media Luna and San Cristobal study sites. N: number of
colonies; t: time (yr) after early winter 1983

partially attributable to the relatively low abundances
of small (= 5 cm) colonies; see 'Discussion’]. As a con-
sequence, colony size was not considered in compari-
sons of mortalities among species.

Colony survivals over the study period for individual
species ranged from 59.5% (Plexaura homomalla f.
kukenthalli) to 85.7 % (Plexaurella dichotoma) at San
Cristobal and from 53.8 % (Plexaura flexuosa) to 78.6 %
(Gorgonia ventalina) at Media Luna (Table 1). Differ-
ences in colony survivals among species were not sig-
nificantly different at San Cristobal (p > 0.10, G =
13.37, df = 12) and Media Luna (p > 0.10, G = 5.16, df
= 5). In addition, no significant differences in colony
survival were observed between sites for any species
(G-test).

Based on pooled data, 70.1 % (493/703) and 67.3 %
(175/260) of the colonies survived over the entire study
period at San Cristobal and Media Luna respectively. A
semi-log plot of overall colony survivorship (Fig.1) is
apparently linear (i.e. exponential) indicating that the
probability of survival was constant during the study
period. The slopes of Model I linear regressions were
equivalent to colony survivals of 91.93 and 91.87 % yr~ !
at San Cristobal and Media Luna respectively.

Sources of colony mortality
Inferred sources of colony mortality are given in
Table 2. We distinguished 3 major categories of colony

mortality: (1) detachment, (2) basal fracture, and (3)
competitive overgrowth.

Table 2. Sources of colony mortality

Media Luna San Cristobal
No. % No. %
died died
Detachment
Fallen or loosely attached 2 2.3 25 11.9
Disappeared 32 37.6 124 59.0
Subtotal 34 40.0 149 709

Basal fracture
Damaged base (abrasion) 9 10.6 10 4.8
Damaged base (unknown) 22 259 27 12.9
Undamaged base 8 9.4 10 4.8

Subtotal 39 45.9 47 22.4
Overgrowth

Millepora 3 3.5 3 1.4

Algae 6 7.1 3 1.4

Other 3 3.5 8 3.8

Subtotal 12 14.1 14 6.7

Total 85 100.0 210 100.0
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Detachment was the major source of mortality at San
Cristobal and Media Luna (70.9 and 40.0% respec-
tively). We assumed that the disappearance of entire
colonies was due to detachment. In some cases we
noted circumstantial evidence for detachment involv-
ing preceding observations of partial detachment, or
the presence of substrate ‘scars’ after the disappear-
ance of colonies.

Basal fracture, defined as the breakage of the axial
skeleton near the colony base, accounted for 45.9 and
22.4 % of the mortalities at Media Luna and San Cris-
tobal respectively. About 79 % of the colonies suffering
fracture at Media Luna (31/39) and San Cristobal (37/
47) were observed to be damaged at the base prior to
mortality (Table 2), indicating that injury to basal tissue
increases the probability that a colony will eventually
experience basal fracture. Comparisons of mortalities
between colonies with damaged and undamaged bases
confirms this relationship. Significantly higher mor-
talities were found for colonies with damaged com-
pared to undamaged bases at Media Luna (89 vs 20 %,
p < 0.001, G = 52.63, df = 1) and San Cristobal (62 vs
30%, p < 0.001, G = 20.54, df = 1). Our field observa-
tions indicate that physical abrasion (presumably by
rocks or other objects) is the predominant cause of
basal damage. [The cause of basal damage could not
be determined in most instances because colony bases

were already damaged at the beginning of the study
(i.e. the 'unknown’ category in Table 2).]

Competitive overgrowth accounted for only 14.1 and
6.7 % of mortalities at Media Luna and San Cristobal
respectively. The principal organisms overgrowing
gorgonians were the fire coral Millepora and the
sponges Desmopsamma anchorata and Haliclona vir-
idis. Our overgrowth category also included instances
where only the bare axial skeleton (except for a thin
filamentous algal film) remained following mortality.
Disease (Feingold 1988), rather than overgrowth, may
have been responsible in such cases.

It should be emphasized that the above classification
of mortalities is somewhat oversimplified because sour-
ces of mortality may not be mutually exclusive. For
instance, overgrowth by other organisms on previ-
ously-damaged colony bases may play a contributing
role in basal fractures. It is also interesting to note that
predation played a negligible role in colony mortalities
{but see 'Discussion’). This result was somewhat sur-
prising because gorgonian predators (principally the
mollusc Cyphoma gibbosum and the fireworm Her-
modice carunculata) or evidence of their activity were
noted frequently during this study.

Mortalities by detachment, basal fracture and over-
growth differed significantly between sites (p < 0.001,
G = 24.21, df = 2). We attribute the higher frequency of

Table 3. Mean growth rates (cm yr™') in colony heights of gorgonians at Media Luna (ML) and San Cristobal (SC). {SD): Standard
Deviation; CV: Coefficient of Variation (100S/X); Med: Median; n: number of colonies

Species Site X
Pseudopterogorgia americana ML 3.44
SC 4.48
P acerosa ML 2.12
SC 4.03
Pseudoplexaura wagenaari ML 2.57
SC 2.13
Gorgonia ventalina ML 1.92
SC 2.34
Pseudoplexaura porosa ML 1.98
SC 2.22
Eunicea laxispica SC 2.21
Plexaura flexuosa ML 2.15
SC 1.77
Eunicea tourneforti SC 2.06
Plexaura homomalia SC 1.99
Muriceopsis flavida SC 1.85
Euricea succinea SC 1.36
P. homomalla f. kukenthalli SC 1.18
Plexaurella dichotoma SC 0.80

(SD) (&Y Med n
(3.12) 90.7 2.88 21
(2.82) 62.9 4.00 77
(3.03) 142.9 2.01 12
(3.14) #7.9 2.83 24
(1.88) 73.2 2.81 30
(2.16) 101.4 2.59 39
(2.02) 105.2 1.76 22
(2.52) 107.2 2.59 37
(1.52) 76.8 2.35 14
(1.96) 88.3 2.13 28
(1.68) 76.0 2.11 16
(1.27) 59.1 1.42 14
(1.68) 94.9 2.00 44
(1.71) 83.0 2.00 22
(1.29) 64.8 1.88 19
(1.61) 87.0 1.41 21
(1.86) 136.8 1.41 14
(1.10) 93.2 1.18 22
(1.94) 2425 0.95 18
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detachment at San Cristobal (70.9 vs 40.0%) to a
‘softer’ substrate (based on our experience in pounding
nails into the bottom). Several factors indicate that the
higher incidence of basal fracture at Media Luna (45.9
vs 22.4 %) reflects greater wave action. Colonies at
Media Luna had significantly higher incidences of suf-
fering (1) basal damage (16.9 % or 44/260 vs 10.8 % or
76/703 at San Cristobal; p < 0.05, G = 6.0, df = 1), as
well as (2) basal fracture following such damage (89 %
or 39/44 vs 62 % or 47/76 respectively; p < 0.005, G =
9.34, df = 1).

Unfortunately, sample sizes were too small to deter-
mine if the 3 major sources of mortality differed among
species at each study site.

Colony growth rates

Although Pseudopterogorgia americana and a few
other species displayed a tendency for growth rates to
decrease with colony size, such relationships were statis-
tically nonsignificant in all cases (regression analysis).
Consequently, colony size was not employed as a covari-
able in comparisons of growth rates among species.

Characteristics of colony growth rates of the more
abundant species are shown in Table 3. Mean growth
rates of most species were between 1.4 and 2.6 c¢m yr™ !,
but ranged from about 0.8cm yr~' (Plexaurella
dichotoma) to 4.5 cm yr~! (Pseudopterogorgia ameri-
cana). Intraspecific variability in growth was high for
all species; coefficients of variation (CV) ranged from
about 60 to 240 % among species, indicating that varia-
bility in growth is roughly equivalent to average
growth increments. These results indicate that the
large variations in growth reported in previous studies
are not an ‘artifact’ of short-term observations because
differences among colonies are not ‘averaged out’ over
longer time intervals. This feature is demonstrated in

707

COLONY HEIGHT (cm)
]

11/83 5/84 11/84 585 11/85 5/86 11/86 5/87 11/87 5/88
DATE

Fig.2. Pseudopterogorgia americana. Growth of colonies
which were between 20 to 24 cm tall in early winter 1983 at
the San Cristobal site

Table 4. A posteriori tests for significant differences in growth
rates at San Cristobal. Species displaying no significant differ-
ences are connected by underlines. Species codes: Pam,
Pseudopterogorgia americana; Pac, P. acerosa; Pwg, Pseudo-
plexaura wagenaari; Gv, Gorgonia ventalina; Ppr Pseudo-
plexaura porosa; Elx, Eunicea laxispica; Et, E. tourneforti; Pfx,
Plexaura flexuosa; Ph, P. homomalla;, Mfv, Muriceopsis
flavida; Esc, Eunicea succinea; Phk, P. homomalla f. kuken-
thalli; Pdh, Plexaurella dichotoma

Pam Pac Pwg Gv Ppr Elx Et Pix Ph Mfv Esc Phk Pdh

Fig. 2 which shows the growth of P. americana colonies
at San Cristobal whose heights ranged from 20 to 24
and from 25 to 62 cm at the beginning and end of the
study period respectively.

Although growth increments were generally not
statistically different from a normal distribution (Kol-
mogorov-Smirnov 1-sample test), a significant differ-
ence in variances precluded analyses by parametric
ANOVA procedures. As a consequence, the Kruskal-
Wallis-Test was used to compare growth rates among
species. Growth rates were different among species at
San Cristobal (p < 0.005, ¥2, = 82.9) but not at Media
Luna (p > 0.10, xﬁ = 8.02). A posteriori tests (Hollander
& Wolfe 1973) indicated nonsignificant differences in
69 of 78 comparisons between species pairs at San
Cristobal, and that the source of significance is primar-
ily due to the higher growth rates of Pseudopterogorgia
americana (Table 4).

To determine if growth may be influenced by sub-
lethal effects, the growth of uninjured colonies were
compared to colonies known to be injured by preda-
tors, overgrowth, abrasion and other factors during the
study (Table 5). (We deleted a few cases where injuries
involved breaking of the tallest branch since negative
growth would necessarily result in this circumstance.)
Uninjured colonies grew faster than injured colonies in
all 17 cases where comparisons were possible. How-
ever, only 6 within-case comparisons were significant
(t-test) indicating that such differences in growth rates
were relatively small in most instances. Expressed
alternatively, these results indicate that sublethal
injuries are partly responsible for intraspecific varia-
tions in growth, but that the ‘variability explained’ may
be relatively small in many cases.

DISCUSSION
Colony mortality

Annual survival rates of colonies at Media Luna and
San Cristobal were essentially equivalent (about 92 %),
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Table 5. Growth rates (cm yr~!) of injured and uninjured colonies. ML: Media Luna; SC: San Cristobal; n: number of colonies;
(SD): Standard Deviation. Probabilities based on t-test

Species Injured

Site n X (SD)
Pseudopterogorgia americana

ML 7 2.52 (3.16)

SC 30 3.85 (2.59)
P. acerosa

ML 0 - —

SC 3 0.55 (1.76)
Pseudoplexaura wagenaari

ML 7 1.72 (2.17)

SC 7 1.68 (1.01)
Gorgonia ventalina

ML 3 0.39 (0.98)

sC 4 1.06 1.96)
Pseudoplexaura porosa

ML 1 -1.65 -

SC 5 0.52 (1.92)
Eunicea laxispica

sC 3 1.25 (2.60)
Plexaura flexuosa

ML 0 - -

SC 6 —0.24 {1.10)
Eunicea tourneforti

sC 4 1.24 (1.54)
Plexaura homomalla

SC 1 —0.22 -
Muriceopsis flavida

SC 3 1.65 (1.87)
Eunicea succinea

SC 3 -1.01 (2.49)
P. homomalla f. kukenthalli

SC 3 0.78 (0.76)
Plexaurella dichotoma

SC 5 -0.38 (2.44)

Uninjured Prob.
n X (SD)
13 4.04 (3.19) >0.20
47 4.91 (2.92) 0.10
12 2.12 (3.03) -
21 4.49 (3.00) 0.01
22 3.09 (1.39) >0.10
30 2.62 (0.96) 0.05
19 217 (2.05) 0.05
32 2.81 (1.90) 0.10
13 2.26 (1.15) 0.01
20 2.84 (1.52) 0.05
13 2.43 {1.46) 0.50
14 2.15 (1.27) _
36 2.10 {1.55) 0.001
18 2.25 {1.73) >0.20
18 2.12 (1.21) >0.05
17 1.98 (1.62) 0.50
11 2.01 (1.06) >0.05
19 1.23 (1.15) 0.50
13 1.25 (1.59) 0.20

and in remarkable agreement with the 92.4 % value
(recalculated on an annual basis) observed by Birke-
land (1974) for Gorgonia ventalina in Panama. How-
ever, significant differences in the sources of mortality
between Media Luna and San Cristobal suggest that
these similarities may be partly coincidental. Wahle
(1985) has previously concluded that the rates and
sources of colony mortality vary spatially.

An important result of this study was the lack of
significant differences in mortalities among species.
We recognize that the failure to detect statistical sig-
nificance is dependent upon sample sizes and duration
of the study period. For example, assuming that the
observed differences in mortalities among species rep-
resent ‘true differences’, statistically significant results
would be achieved at San Cristobal if sample sizes
were doubled (to more than 1000 colonies) or if the

study period was tripled (to 13.5yr). However, we
believe that the observed differences in mortalities
represent random sampling variability because several
considerations indicate that the dominant causes of
colony mortality — detachment and basal fracture — are
largely nonselective among species. We concur with
the contention of Cary (1914), Kinzie (1973) and Birke-
land (1974) that colony detachment generally results
from the failure of the underlying substrate rather than
the colony holdfast itself. Because settling planula are
probably unable to detect differences in substrate
integrity (Wahle 1985) there is little reason to infer a
strong species-specific component in colony detach-
ment. In an analogous terrestial situation with trees,
Vogel (1988) has argued that unfavorable properties of
the substrate cannot be countered directly by natural
selection.
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A similar argument can be made for basal fracture.
This study demonstrates that damage to basal tissues
usually precedes fracture. The major source of such
damage is probably abrasion by rocks or other objects
(see also Cary 1914) which, in turn, is presumably
nonselective among species. With respect to basal
damage, it is interesting to note that the predator
Cyphoma gibbosum, although displaying prey pre-
ferences (Lasker & Coffroth 1988), generally avoids the
basal regions of colonies (Harvell & Suchanek 1987).

Colony growth

Growth rates measured in this study are generally
comparable to values reported from other locales, indi-
cating that these results are representative of shallow-
water gorgonians of the Caribbean. For instance, Kin-
zie (1974) found that Plexaura homomalla grows 2.0 cm
yr~!in the Grand Caymans compared to 1.99 cm yr~'in
this study. Alternatively, the higher rates for Gorgonia
ventalina in Panama reported by Birkeland (1974)
(4.1 cm yr~' compared to about 2.1 cm yr~! in this
study) may partially reflect our inclusion of zero and
negative growth increments. Major differences in col-
ony morphology probably underlie the relatively few
cases where growth differed significantly between
species. The fastest-growing species, Pseudopterogor-
gia americana (and possibly P. acerosa), which grows
about 4 cm yr~!, is characterized by thin branch tips;
while the slowest-growing taxa, Plexaurella dichotoma
(0.8 cm yr!), has the thickest branches of the gorgo-
nians examined. The remaining species generally have
branches of intermediate thicknesses. This pattern sug-
gests a tradeoff between the elongation and thickening
of branches. The only exception to this relationship is
the thin-branched G. ventalina. However, the anas-
tomosing branch structure of this species is unique
among the gorgonians examined.

An important result of this study is that intraspecific
variations in growth are large, even over long (multi-
year) time scales. Extrinsic factors such as injuries are
evidently responsible for some of the variations in
growth among colonies. The high variability in growth
rates implies that height is a poor indicator of colony
age. For instance, with a variation of = 1 SD, a 100 cm
tall Pseudopterogorgia americana at San Cristobal
could be between 14 and 60 yr old (mean estimate:
22 y1). On a more theoretical level, this result suggests
that the demography of gorgonians may be more
appropriately approached from a size- rather than age-
related basis (e.g. Caswell 1989), especially if charac-
teristics such as the age of sexual maturity and repro-
ductive output are more highly related to colony size
rather than age (Wahle 1983).

Conclusions and caveats

In conclusion, we find no overwhelming reason to
reject the null hypotheses of no differences in mortality
or growth rates among gorgonian species. Although
significant differences in growth rates were detected,
such differences involved only a few of the species
examined. Conversely however, we do not imply that
species-specific differences are nonexistent, but rather
that such differences are relatively small and largely
obscured by 'random’ extrinsic factors.

The similarities in mortality and growth rates among
species may be related to the colonial (modular) struc-
ture of gorgonians. For instance, although the presence
of chemical and structural defenses (Harvell &
Suchanek 1987, Harvell et al. 1988) suggests that pre-
dation has played a major role in the evolutionary
history of gorgonians, the effects of predation are
essentially limited to mortalities of individual zooids
rather than the colony as a whole. One consequence of
the colonial habit is that the sublethal effects of preda-
tion (and other factors) contribute to increased variabil-
ity in colony growth rates, thereby obscuring species-
specific differences of growth. Sources of colony mor-
tality that remain are associated with the holdfast and
base, areas of the colony for which the modular struc-
ture offers little advantage. Jackson (1977) has previ-
ously discussed various ecological consequences of col-
onial growth.

The results and conclusions of this study are based
on several constraints which merit comment. The study
period is probably representative of normal 'back-
ground’ conditions at exposed locations between
episodes of severe storm activity (but see Yoshioka &
Yoshioka 1987 for the effects of Hurricane David).
More importantly, it must be emphasized that the
results are probably representative of a typical,
‘mature’ assemblage of gorgonians in which the major-
ity of colonies are relatively large. (More than 85 % of
the colonies at both sites were > 5 cm tall at the begin-
ning of this study.) A parallel examination of colonies
which recruited (ca 1 ¢m tall) during the study period
reveals well-developed differences in growth and mor-
tality rates among species (Yoshioka & Yoshioka
unpubl.). Several factors are evidently responsible for
the dependence of species-specific patterns on colony
size. Predation, competitive overgrowth and factors
such as burial (Gotelli 1988) are more likely to cause
mortality in small colonies. Differential susceptibilities
to such effects would result in species-specific patterns
of mortalities for small (but not large) colonies. Simi-
larly, the mortality of small colonies affected by such
factors eliminates a source of variability in growth,
thereby making species-specific differences in growth
rates more pronounced statistically. Following the con-



260 Mar. Ecol. Prog. Ser. 69: 253-260, 1991

ceptual theme discussed above, the relative absence of
species-specific patterns of mortality and growth rates
in larger gorgonians may be related to the fact than the
ecological consequences of modular growth increase
with colony size.
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Introduction

The azooxanthellate scleractinian coral Tubastraea coc-
cinea has recently been reported to have invaded the
Gulf of Mexico (Fenner 2001) and Brazil (Castro and
Pires 2001; Ferreira 2003; Figueira de Paula and Creed
2004). It may have been spreading in the Caribbean
since it was reported there by Vaughan and Wells (1943),
based on material from Curagao and Puerto Rico, and
may even have been introduced into the Caribbean from
the Pacific (Cairns 2000; Humann and DeLoach 2002,
p. 164). No Caribbean fossils of this species are known
(Cairns 1999). Most Caribbean reef building corals
(88%) were described before T. coccinea was reported
from the Caribbean in 1943, with the median date of
description being 116 years earlier. All other genera had
been found in the Caribbean before Tubastraea, the last
having been found 75 years before Tubastraea was
found. The type locality of T. coccinea is Bora Bora,
date 1829. Its range includes most or all of the tropical
Indo-Pacific (Cairns 2000). Alternatively, it may have
come from the Cape Verde Islands or Gulf of Guinea in
the eastern Atlantic, where it is also known (Laborel
1974; Cairns 2000). It has not been reported from
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Florida (Wheaton and Jaap 1988; Jaap and Hallock
1990; Cairns 2000; Fenner 2001; Dawson 2002; see also
http://floridakeys.nos.noaa.gov/sanctuary_resources/
specieslist.pdf), and in the Gulf of Mexico it has only
been reported from oil platforms (Fenner 2001). It is
reported here for the first time in Florida and the Flower
Garden Banks of the northwestern Gulf of Mexico.

Results and discussion

T. coccinea was first observed on October 20, 2001 by
one of us (KB) on the steel tugboat “Donal G. McAll-
ister,” which was placed as an artificial reef at 21-m
depth about 2.2 km offshore from Hollywood, Florida.
A single orange-red colony, about 6-cm diameter was
observed on April 18, 2002, growing on the outside of
the cabin facing south at 16-m depth. Subsequently,
numerous colonies were discovered on 12 other sites in
southern Florida: nine other ships, one set of oil rig
jackets, a floating dock, and a limestone boulder reef
(Table 1). Many colonies were on the hulls of the ships,
in shaded areas. The coral was abundant on all four
wrecks that were examined for abundance: RSB-1,
Tenneco, Jay Scutti, and Capt. Dan (colonies were not
counted). The only non-shipwreck or dock sighting of
T. coccinea was a single colony on limestone boulders
(Port of Miami Mitigation Reef, Tim Mcintosh, per-
sonal communication). These boulders came from
upland quarries so the coral colony must have recruited
recently. The largest colonies observed on the artificial
reefs were about 6-cm diameter. A colony that was
collected was identified by Steven Cairns as T. coccinea.
The date at which 7. coccinea first settled on these
structures has not been determined. Although growth
rates have not been reported in this species, aquarium
observations suggest they may reach a diameter of 5 cm
in about one year, and growth may slow in adults as
energy is put into reproduction with maximum sizes
reached of about 10-15-cm diameter (Julian Sprung and
Daniela Stettler, personal communication). The oil rig
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Table 1 Florida Artificial Reefs

with Tubastrea coccinea ame Type Depth  Location Date deployed
Donal G McAllister Tug 2l m 26°00.548° N, 80°05.650° W 6/23/98
Princess Anne Ship 27 m 26°47.608° N, 80°00.260° W 5/23/93
Tenneco Towers Oil rig jackets 32 m 25°58.952° N, 80°05.100° W 10/3/85
Tortuga Ship 33m 25°49.252° N, 80°05.087 W 4/95
Rodeo 25 Ship 37 m 26°13.878° N, 80°03.813 W 5/12/90
Jay Scutti Tug 20 m 26°09.520° N, 80°04.760° W 9/19/86
RSB-1 Ship 35m 26°13.642° N, 80°03.896° W 4/94
Capt. Dan Ship 33m 26°13.857° N, 80°03.960° W 2/20/90
Ancient Mariner Ship 21 m 26°18.117° N, 80°03.745> W 6/91
Duane Ship 36 m 24°59.388° N, 80°22.888* W 11/28/87
Amesbury Ship 8 m 24°37.391° N, 81°58.912> W About 1962
Palm Beach Inlet Floating dock I m 26°47.610° N, 80°02.690° W NA
Port of Miami Limestone boulders 11 m 25°44.894’ N, 80°05.683° W 5/96

Mitigation Reef

jackets were transported to Florida on barges, making
the survival of any 7. coccinea previously living on them
unlikely though perhaps not impossible (if parts were
immersed in water in the barge hull). Colonies on the
hulls of ships could have arrived with the ships.
Surprisingly, no colonies have been found on the first
artificial reef, the Mercedes, sunk in March 1985.

T. coccinea was first observed on the wreck of the
Duane off Key Largo by J. Sprung about 1999. Colo-
nies’ Were already numerous on it at that time. Colonies
about 5-10 cm diameter are now common on vertical
surfaces. This 100-m long steel ship” W’ Which was sunk
in 1987, sits in water about 36-m deep with its top deck
at about 30-m depth. The Florida Keys National Marine
Sanctuary (FKNMS) website page (http://florida-
keys.nos.noaa.gov/sanctuary_resources/shipwreck trail/
duane.html), last updated January 1, 2000, lists “Cup
Coral” (T. coccinea) as being on the Duane. The
FKNMS website also reports Cup Coral on another
wreck, the Amesbury (http://floridakeys.nos.noaa.gov/
sanctuary_resources/shipwreck trail/amesbury.html,
last updated January 1, 2000). The Amesbury is located
8 km west of Key West in 8 m of water. J. Sprung also
observed one colony of about the same size on the
underside of a floating dock next to the seawall inside
Palm Beach Inlet.

T. coccinea was observed on the East Flower Garden
Bank of the northwestern Gulf of Mexico by H. Ly-
dersen-Bulman on August 28, 2002. A single colony
about 15-cm diameter was photographed at about 26-m
depth. T. coccinea was also observed on natural reef
ledges at about 10-m depth at Fowl Cay Preserve
(26°38.229 N 77° 02.310 W) north of Man of War Cay,
Abaco, Bahamas, by KB in August of 2000, and abun-
dant colonies were found in caverns off the north end of
Guana Cay, Abaco (26°42.22 N 77°09.17 W) in 2003.

T. coccinea has now been reported to have invaded
the Gulf of Mexico, Brazil, and Florida. This is consis-
tent with the proposal that it has been expanding its
range in the Caribbean, and was originally introduced
into the Caribbean from the Indo-Pacific (Cairns 2000)
or perhaps the eastern Atlantic. It has been observed on
boat hulls in the Caribbean, where transport on boats

was suggested as a mode of dispersal (Cairns 2000), and
observed on ships in Brazil (Ferreira 2003, Ferreira et al.
2004). The dispersal route into the Gulf of Mexico was
not identified, though most likely it reached airplane
wrecks in the Caribbean by larval dispersal (Fenner
2001). It was first seen in the southeastern Gulf of
Mexico in 1977, western Gulf in 1985, Texas in the
northwestern Gulf in 1991, and Louisiana in the
northern Gulf in 1994, so larvae may have drifted with
currents clockwise along the continental shelf in the Gulf
of Mexico (Fig. 1). The relatively recent invasion of
Florida by T. coccinea could have occurred by transport
on the hulls of one or more of the ship wrecks it now
grows on, or it could have arrived as larvae on currents
from the Gulf of Mexico or Caribbean. The maps of
Roberts (1997) show that larvae could have reached
Florida from western Cuba in 1 month, and from
Cozumel in 2 months. Dispersal to Brazil was by mobile
oil drilling platforms (Castro and Pires 2001; Ferreira
2003; Figueira de Paula and Creed 2004). Mobile plat-
forms could also have contributed to dispersal to the
Gulf of Mexico oil and gas platforms, but that appears
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Fig. 1 Possible routes of the spread of Tubastraea coccinea in the
Caribbean, Gulf of Mexico, and Florida. Year of the earliest report
in different areas is shown, along with possible routes of spread,
based on dates and current paths. Small arrows present the
generalized current paths in the Caribbean, Gulf of Mexico,
and Florida. Current paths taken from the Ocean Currents web
site  (http://oceancurrents.rsmas.miami.edu/caribbean/caribbean-

cs.html), Roberts 1997, and Gittings et al. 1992



less likely in Florida. A second species in the genus,
Tubastraea taguensis , has recently been reported to have
invaded Brazil as well, and is easily distinguished in the
field by its yellow color (Figueira de Paula and Creed
2004). In Brazil, both species of Tubastraea have in-
vaded reefs, while in Florida only 7. coccinea has been
found. One colony has now been found on the East
Flower Garden Bank, so it is now invading the Flower
Garden Banks National Marine Sanctuary, most likely
from nearby oil and gas platforms. Since it has been in
the western and southern Gulf longer than in the
northern Gulf; it is likely that it is already on reefs in the
southern and western Gulf. It has now been found on a
limestone boulder artificial reef in southeast Florida, so
it is likely that it will soon be found on reefs in Florida,
and reach Bermuda. Artificial structures are clearly
preferred habitat, since in each area they are found first
on artificial structures, and are prolific on some artificial
structures in the Caribbean, Gulf, and Florida. There
are no reports yet of the ecological effects of these
invaders.

The pattern of the spread of T. coccinea in the Wes-
tern Atlantic is very similar to the pattern of spread of
the die-off of the urchin Diadema antillarum in 1983—
1984. The urchin die-off began in Caribbean Panama,
and spread rapidly with the currents to the north and
into the Gulf of Mexico and to Florida. The die-off also
moved eastward from Panama and Florida to the east-
ern Caribbean. Lessios et al. (1984) reported that it was
carried eastward by an eastward-flowing current along
the northern shore of South America. Roberts (1997)
reports that there are weak nearshore counter currents
along most coastlines in the Caribbean. The die-off
spread throughout the Caribbean, Gulf of Mexico, and
to Florida and Bermuda all within 1 year (Lessios et al.
1984; Lessios 1988). In contrast, 7. coccinea has required
about 60 years to spread throughout the Caribbean and
Gulf and reach Florida. Presumably this is because the
time between infection of the urchins by the microbe and
the subsequent release of large numbers of new microbes
was probably only a few days (Bauer and Agerfer 1987),
while the time from the settling of 7. coccinea larvae
until colonies can release larvae is probably a few years.
Observations in aquaria suggest that larval release
begins at about 18 months age (D. Stettler, personal
communication). If T. coccinea requires about 18
months to begin releasing larvae, and it took 60 times as
long for it to spread across the Western Atlantic as the
urchin die-off, dividing 18 months by 60 might give an
estimate of the time required for the microbe to be re-
leased from infected urchins. The resulting 9 days ap-
pears to at least be the right order of magnitude, which is
consistent with the view that the time to release propa-
gules is a controlling factor in the rate of spread.
Transportation on boat hulls has the potential to have
spread the coral through this area in much less than
60 years, and would likely produce a pattern that would

507

follow shipping routes instead of current paths. The first
known locations were Puerto Rico and Curacao. Dis-
persal by current from one of these to the other appears
unlikely. However, Puerto Rico was a major coaling
station and shipping port. T. coccinea might have been
brought there first by a ship and carried on to Curagao
before subsequent dispersal by currents.
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