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Abstract

Study sites designed for long-term monitoring of the condition of
coral populations and water quality were established on the East and West
Flower Garden Banks (northwest Gulf of Mexico) in 1988 and 1989. Coral
cover, relative dominance, diversity, evenness, and accretionary and
encrusting growth rates were monitored semi-annually through 1991.
Several differences existed between study sites, particularly with respect to
diversity and evenness, but these do not necessarily imply differences
between the banks. No significant trends were observed in any parameters
during the study. Comparison with data from population and growth studies
conducted between 1978 and 1982 suggest no significant long-term trends.
Monitoring of the occurrence and effects of coral bleaching (the expulsion of
symbiotic algae essential to vigorous growth) and diseases suggests that
disease was the more important cause of coral mortality even though more
coral cover was affected by bleaching than by disease. Late summer
bleaching followed temperature maxima that exceeded 30°C. The
conditions for coral growth on the banks appear to be favorable, as suggested
by relatively high growth rates, net tissue gain over the study period, and a
high proportion of advancing margins on Montastrea annularis and Diploria
strigosa, the two dominant corals on the banks. An episode of mass
spawning (synchronous gamete release) by three coral species on the banks,
the first documented occurrence in the Atlantic basin, as well as data on
coral recruitment and reef coral occurrence on hydrocarbon platforms in
the region, suggest that the Flower Gardens harbor ecosystems that may be
fully capable of repopulation following natural or man-induced disturbance
(i.e., without dependence on gene flow from outside sources). A review of
the potential effects of industrial activities on the reefs indicated that tanker
spills and spills resulting from platform accidents, as well as the application
of dispersants during clean-up operations, pose the most realistic threats to
reef corals at the Flower Gardens. Discharges of produced waters and
drilling fluids were not considered to pose substantial threats because of
existing regulations in the vicinity of the banks and dilution by intervening
water masses.
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1.0 Executive Summary

Introduction

Under normal conditions, change on coral reefs occurs slowly. Under
altered conditions, deterioration of coral reef communities can be a rapid
process, especially when caused by catastrophic natural or man-induced
mechanical impact (e.g. hurricanes, blasting, dredging, mining, and ship
groundings). Impacts that alter predator/prey relationships, or cause
thermal, oil, chemical, or nutrient pollution can result in gradual
deterioration of coral reefs. Similarly, chronic low level mechanical stresses
imposed by coral collection, intensive fishing, high levels of diver visitation
or boat and ship activities may also cause the gradual decline of coral
populations or coral viability.

Environmental threats posed by substantial hydrocarbon development
and other human activities on the outer continental shelf (OCS) in the
northwest Gulf of Mexico, and the sensitivity of coral reefs to unusual
environmental change prompted the Minerals Management Service to
initiate a long-term monitoring program at the Flower Garden Banks, two
OCS banks harboring coral reefs. The East (EFG) and West (WFG) Flower
Garden Banks are located on the edge of the continental shelf, slightly over
175 km SSE of Galveston, Texas. The banks are topographic expressions of
uplift caused by underlying salt domes originating from Jurassic, Louann
evaporite deposits 15 km below the seafloor. The crests of these isolated
banks, which are 19 km apart, are occupied by submerged coral reefs which
rise to within 15 m of the surface. Together, the bank zones containing
high diversity coral reefs cover roughly 350 acres.

The Flower Garden Banks are unique in many respects, not the least of
which is the fact that these isolated environments harbor coral reefs very
near the northern physiological limits for tropical reef-building corals. The
northerly location of the Flower Garden Banks has resulted in reduced
community diversity; only 18 of the 65 Western Atlantic reef-building coral
species occur. Nevertheless, abundance and growth rates compare favorably
with those in more tropical locales at similar depths.
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A monitoring program should address concerns regarding both
gradual and catastrophic deterioration. This is critical in light of the Flower
Garden Banks National Marine Sanctuary designation in January 1992.
Recreational use of underwater areas has historically increased following the
establishment of such areas as marine parks, preserves, sanctuaries, etc. A
long-term data base incorporating standardized data collection and analysis
techniques may allow for the identification of impacts caused by the
expected increase in recreational use as well as those caused by escalating
industrial activity in the vicinity.

The first objective of the monitoring study at the Flower Garden banks
was to provide relevant and timely environmental data to those charged with
developing policies concerning oil and gas exploration and development in
the vicinity of these sensitive ecosystems. The second objective was to
document long-term changes in coral and associated communities at the
Flower Garden Banks caused either by impacts of petroleum exploration and
development or other human activities. The third objective was to
document long-term natural variation in reef-building and associated
communities on the banks.

Quantitative studies of community characteristics on the Flower
Gardens were funded by MMS as early as the mid-1970's. Studies in the late
1970's and 1980's were funded by oil companies in conjuction with
development of leases in regulated areas in the vicinity of each bank. Data
collected in these studies allow long-term comparisons (nearly 14 years)
with data collected during the 1988-1991 study period reported here.

Methods

The establishment of monitoring stations at the East Flower Garden
Bank involved first delimiting a 100 m by 100 m area containing reef
communities considered representative of those inhabiting the high
diversity zone of the bank. This was followed by establishing and mapping
one hundred twenty (120) permanent stations for monitoring encrusting
(lateral) growth of Montastrea annularis (mountainous star coral) and
Diploria strigosa (brain coral; 60 stations for each species), forty (40)
permanent posts to mark 8 m? repetitive sampling stations for monitoring
individual coral colonies, and thirty (30) permanent accretionary growth
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spikes in coral colonies. The East Flower Garden site was established in
such a manner to insure continuity with an MMS-required monitoring study
conducted by Union Qil Co., and carried out by Continental Shelf Associates,
Inc. in at the West Flower Garden Bank in the summer of 1988. Sites were
at similar depths, were the same size, and contained the same number of
stations. Following study site establishment, photographic and video field
work was conducted at both banks at roughly six month intervals.

During each sampling effort, twenty (20), 10-meter random transects
were photographed at each study site. Percent cover data were acquired
planimetrically for all coral species, leafy algae, sponges, and reefrock on the
photographs. Also calculated was the number of colonies of each species,
relative dominance of each coral species (percent cover relative to total
coral cover), species diversity (from the natural log form of the Shannon-
Weaver Diversity Index), and evenness (species diversity divided by the
maximum possible diversity; i.e., the natural log of the number of species
present). For species diversity and evenness based on coral cover, p; in the
diversity formula H'=-Z p, In p; was relative dominance.

At each site thirty (30) spikes implanted in the tops of colonies of M.
annularis were repeatedly measured to monitor accretionary growth. In
addition, sclerochronology was used to determine accretionary growth rates.
Cores were taken in May of 1990 from four M. annularis colonies, two from
each bank. Growth rates from 1910 to 1989 were determined by
measurement of annual corallum density changes (analogous to tree rings).

Core samples were also analyzed for their trace metal content by
Instrumental Neutron Activation Analysis. A preliminary study of barium
incorporation rates in coral skeletons was conducted to assess the
possibility of using barium to document long-term water quality changes
resulting from industrial oil and gas activity.

Each permanent station for monitoring the encrusting growth of M.
annularis or D. strigosa was established by implanting two nails 23 cm apart
near colony borders. A diopter framer (Plus 5) attached to an underwater
camera and placed directly over the nails allowed photography of a
repeatable 13.3 by 19.7 cm area. Growth and retreat were analyzed by
projecting sequential margins onto the same surface, followed by
planimetric measurement of areas of growth and retreat, and the border
lengths over which these changes occurred.
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Permanent posts were installed to mark repetitively photographed 8
m2 areas for monitoring changes in individual colonies. Single slides were
produced for each station during each sampling effort using a T-shaped
camera frame equipped with a down-looking camera, 15-mm wide angle
lens, two strobes, a compass, and a bubble level. The height of the camera
above the bottom was maintained at 2.0 m by a single aluminum angle post.
The photos were taken at a compass heading of 000° and the bubble level
centered above the station post. Laboratory tests showed that, over five
sampling periods, we could expect to cover over 90% of each station in
100% of the photographs. Tests also showed that minor variations caused
by camera frame twist or tilt did not affect estimates of colony size.

Comparisons of slides between cruises were made by overlaying
baseline templates (Cruise 2 colony borders) on projected images, and
comparing colonies one by one. Growth, disease, bleaching, algae-mediated
or algae/sediment mat-mediated retreat, unexplained mortality, and
mechanical damage were quantified, as were their effects (mortality,
recovery, or no effect).

Two videotaped transects of 100 m length were acquired at each study
site during each cruise to record the general conditions of the coral
community at the sites. The video was taken from approximately two
meters above the bottom at an angle of 45°. Video transects were taken
along two of the four 100-m boundary lines that were tautly strung along the
sides of each survey area. At the East Flower Garden Bank, transects were
taken from the southeast corner northward along the east line, then
westward on the north line. At the West Bank, transects were taken from
the southeast corner westward along the south line, then northward along
the west line.

Ancillary measurements included dissolved oxygen, salinity,
temperature, and light intensity. Samples and measurements were made at
one meter depth and one meter above the bottom. Light was also measured
above the surface (on the ship deck). Sea surface temperature data between
1979 and 1990 were collected from records of AVHRR satellite transits. In
addition, Ryan TempMentor thermographs were installed in 1990 on the
banks to record bottom temperature every two hours.
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Coral Community - Status and Trends

Total coral cover did not differ significantly between study sites
(46.0% on the EFG and 46.5% on the WFG), or between sites during any
cruise. Species diversity and evenness based on coral counts (standard
Shannon-Weaver species diversity) were significantly higher at the WFG
study site. Species diversity and evenness based on coral cover showed the
opposite pattern, being significantly higher at the EFG study site. The
contrasting data are a result of the fact that coral numerical population levels
differed significantly between sites (114.8 colonies per transect at the EFG
vs. 84.6 per transect at the WFG), and the fact that mean colony area (size)
of Siderastrea siderea (the largest of all species) and Porites astreoides (the
most abundant of all species) differed significantly between study sites.
Nevertheless, results were consistent within indices, and future monitoring

efforts require clearly stating whether diversity indices are based on colony
counts or percent cover.

Data collected from 1978-1982 reported cover of 50.4%
(45.1<pu<55.7) and 55.2% (23.8<u<86.5) for the EFG and WFG, respectively,
but used a different method of analysis (line-intercept method rather than
planimetry). Nevertheless, confidence intervals of cover estimates
overlapped between the two studies, as did those for measures of diversity
and evenness. In addition, cover for individual species reported in the
1978-1982 period were all close to those found in this study.

Thus, virtually no significant changes have been detected in coral reef
populations, cover, or diversity at the Flower Garden Banks in the time since
quantitative surveys of the reefs began. Thus, there was no evidence of
downward trends or deterioration of habitat quality. Furthermore,
differences between study sites of similar depths should not, without further
study, be considered as representative of differences between the banks in
general.

Coral Growth - Status and Trends
Virtually all encrusting growth data suggest favorable conditions for

coral growth at the Flower Garden Banks. Accretionary growth rates of M.
annularis measured between 1989 and 1991 using growth spikes averaged
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6.8 mm/yr. Accretionary growth rates measured from 1910 to 1989 in coral
cores were 6.6 mm/yr. An interesting feature noted in cores was an
unexplained, yet distinctive decrease in growth rates and concurrent
increase in year-to-year variability between 1957 and 1980.

Net growth rates along coral margins (average rate of change; i.e.,
taking into account areas of advance and areas of retreat) of M. annularis and
D. strigosa were positive for nearly all semi-annual periods from 1989
through 1991. Positive net encrusting growth rates contrast data collected
from Molasses Reef, in the Florida Keys, which indicated net encrusting
growth rates of essentially zero on apparently healthy, adult M. annularis
colonies.

Where tissue retreat did take place, the average rate was not
significantly different from that of areas of tissue growth. This was an
unexpected finding since, where mortality occurs, coral tissue generally dies
at a faster rate than it is capable of growing.

Measurements of areas of advance and retreat showed that for every
square centimeter of D. strigosa tissue that died, approximately 1.5 cm2
grew. For M. annularis, for every square centimeter lost, approximately 1.8
cm2 grew. A similar study of M. annularis at 10 m depth the Florida Keys
found substantially more tissue loss relative to tissue gain (during all seasons
of the year).

Analyses of the proportions of margins advancing, retreating, and
remaining stable between cruises showed that over half of the marginal
tissue on M. annularis and D. strigosa was undergoing advance between
cruises (averaging 63% for M. annularis and 56% for D. strigosa). By
contrast, the proportions of retreating margins averaged only 22% for M.
annularis and 26% for D. strigosa, In the Florida Keys study, data indicated
roughly equal proportions of advance, retreat, and stable margins.

All these data suggest a condition at the Flower Gardens whereby
retreat and advance are dictated by natural factors, such as competition for
space, rather than man-induced stress, and/or a situation wherein vectors
which cause considerable tissue loss, such as disease, are acting on limited
scales.
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Historical Water Quality

Barium/Calcium molar ratios were obtained from 16 annual bands
between 1910 and 1989. Barium levels the Flower Gardens were generally
higher than those reported from the Florida Straits. No significant trends
were found based on these preliminary data. However, post-1970 samples
showed consistently higher ratios than those prior to 1970. This coincides
with a significant increase in drilling activity on the outer continental shelf
in the vicinity of the Flower Garden Banks. The relationship between Ba/Ca
molar ratios and drilling activity has not been shown to be statistically
significant. Also, increases in Ba/Ca molar ratios at the level observed are
not thought to affect coral growth or other essential functions.
Nevertheless, the preliminary findings suggest the need for continued study
of the potential for corals to record long-term water quality changes.

Reproductive Viability

Information concerning the reproductive viability of most coral
species at the Flower Gardens is limited. Reproductive viability is of
consequence to the potential for repopulation after mass mortality caused,
for example, by extreme environmental perturbations, pathogens, or man-
induced catastrophes. Moreover, reproductive viability controls the success
of colonization and the development of coral communities on other
topographic highs, artificial reefs, and hydrocarbon production platforms in
the region. The potential for repopulation of the Flower Garden Banks is of
particular concern because of their isolation. Such geographically isolated
reefs may rely on larval retention (self-seeding) for reef coral community
maintenance and recovery. If the reproductive potential of local corals is
low, the reefs would be forced to depend on long-distance dispersal from
other locations following a disturbance, resulting in prolonged recovery.

The first mass spawning of reef corals documented in the Atlantic
basin occurred in September 1991 at the East Flower Garden Bank. Mass
spawning is the synchronous release of gametes by multiple species. It has
been widely reported in the Pacific Ocean, but observations on Atlantic reefs
have been limited to single species and a small number of colonies. Most
mass spawners reproduce by broadcasting eggs and sperm, often packed
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together into gamete bundles, into the water column for external
fertilization and larval development. This behavior has received
considerable attention because it is visually impressive, predictably related
to lunar cycles, and because it has important evolutionary implications.

Peak spawning activity at the EFG occurred between 2115 and 2300
hours, in calm conditions, eight evenings after the August full moon.
Release by one Diploria strigosa colony, in which nearly all polyps contained
gametes, was estimated at 34,000 gamete bundles m-2 over a three-minute
period. In addition, minor spawning activity was noted just prior to sunset
on the same day (sperm release by one colony of Montastrea cavernosa, a
dioecious species), on the day following the mass spawning (one D. strigosa
was observed to spawn), and seven days following the July full moon (sperm
release by M. cavernosa a month earlier). A dense slick of gamete bundles
and sperm streamed from the reef until 2300 hours, after which all
spawning activity appeared to cease.

Data from these observations, from studies of coral recruitment, and
observations of reef corals on petroleum platforms suggest that the Flower
Garden Banks harbor wholly functional coral communities. This suggests
that the reefs are capable of self-seeding, and could persist for some time
without gene flow originating from outside sources. In addition, it would
appear that there is high potential for repopulation following substantial
disturbance. Monitoring and research should be conducted to elucidate the
persistence of mass spawning on a year-by-year basis.

Coral Bleaching

Coral bleaching, the expulsion of symbiotic algae by corals under
stress, was observed to some extent every summer during the study. The
most significant episodes were associated with sea water temperatures that
exceeded 30°C, generally in early to mid-August. In 1991, thermographs
installed on both banks revealed that water temperature on the West Bank
did not exceed 30°C at any time. On the East Bank, temperatures exceeding
30°C persisted for over a week. Following that period, significantly more
bleaching was observed on the East Bank. Nevertheless, bleaching was
never observed to affect more than 2.4% of the coral cover on the banks.
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Mortality was seldom associated with bleaching; only 7% of bleached
colonies exhibited any tissue loss. Where it did occur, tissue loss was
limited to small portions of the bleached colonies.

Coral bleaching has been shown to affect calcification rates and other
metabolic functions, and may cause substantial mortality when severe. Data
collected so far at the Flower Gardens suggest either considerable resilience
of corals there, or more likely, a lack of high temperature excursions of
sufficient intensity or duration to induce mortality. In addition, factors
which are known to exacerbate the effects of bleaching, such as concurrent
low tides, stagnant conditions, high levels of ultraviolet light, or pollutants,
seldom, if ever, affect the Flower Garden Banks.

Diseases

At present, diseases may be the most serious natural threat to corals at
the Flower Garden Banks. Though they occurred on less then 2% (67) of
corals analyzed at repetitive stations, relatively high levels of tissue mortality
occurred; 69% (46) of diseased colonies exhibited measurable tissue loss.

Unfortunately, rates of occurrence of disease and bleaching were not
obtained in early surveys of reef corals on the Flower Garden Banks. It is
thought that coral disease incidence increases with deteriorating
environmental conditions. Therefore, continued monitoring of disease
frequency and effects should be considered an important component of any
long-term monitoring program. In addition, research on identification of
diseases should be conducted so that the occurrence of "exotic" infestations
can be identified. These might include "black band" and "white band"
diseases, which are common elsewhere, but have never been observed at the
Flower Gardens.

Reef Fish

Reef fish populations exhibited considerable seasonal variation.
Differences between banks for one species (the creolefish, Paranthias
furcifer) may be a result of behavioral variations related to feeding and the
locations of study sites relative to the banks' peripheries. Creolefish are
plankton feeders and are commonly observed to form large feeding
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aggregations on the up-current edges of reefs. The EFG study site was
located very near the drop-off on the eastern margin of the bank. The WFG
study site was more centrally located with respect to the edges of the coral
reef zone. Seasonal variations in currents could therefore account for
differences in abundances of creolefish in the study areas.

Parrotfish abundances appeared to have increased since the early
1980's. This may be a result of the 1983-1984 mass mortality of the long-
spine sea urchin, Diadema antillarum, and consequent changes in benthic
algae availability on the banks. D. antillarum populations have not recovered
measurably since the mass mortality.

Industrial Threats to the Flower Garden Banks

Potential threats to communities on the Flower Garden Banks from
hydrocarbon exploration and development include tanker spills, accidental
spills from platforms and pipelines, spill clean-up efforts, and the discharge
of produced waters and drilling fluids. Accidents on platforms, and those
occurring during tanker transport of oil through the Gulf may pose the most
realistic threats to the Flower Gardens, since platforms occur in the vicinity
and heavily-used tanker traffic routes are nearby. Clean-up efforts near the
Flower Gardens would probably not involve the use of dispersants, which
would otherwise pose a threat to reef corals, since they cause oil to mix into
the water column. Material discharge is largely regulated by shunting in
areas close enough to the Flower Gardens to otherwise preclude effective
dilution.

Of the 10 Gulf of Mexico platform accidents between 1974 and 1990
resulting in spills in excess of 1,000 bbl, all causes including blowouts, ship
collisions, storage tank spills, and weather related accidents could occur in
the vicinity of the Flower Garden Banks.

Pipeline ruptures have historically been caused mainly by anchor
dragging. However, since the depths surrounding the Flower Garden Banks
generally exceed practical anchoring and trawling depths, the largest
potential threat with respect to pipeline and platform activities in the
region may be that of leaks caused by equipment deterioration and failure.

At present there are no production platforms near enough to the
Flower Garden Banks to have an expected impact due to the discharge of
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produced waters or drilling fluids. Required shunting to within 10 m of the
bottom, and negligible upward transport by currents minimize the potential
for discharged contaminants to reach the reef communities of the Flower
Garden Banks.

Recreational Threats

Increasing use of the Flower Garden Banks by recreational divers
poses an uncertain threat to the reefs. The damage is likely to come
primarily from anchoring by recreaional vessels. However, the installation of
mooring buoys on the banks in 1990 should limit this problem. It is unlikely
that damage caused by careless divers will be as evident as that in other
heavily-used coral reefs, mainly because the Flower Gardens are dominated
by massive, head-forming corals, and lack the more fragile branching forms
and gorgonian corals.

Conclusions

The remote location of the Flower Garden Banks has left them, for the
most part, undisturbed by man. Demonstrable human impacts have been
limited to mechanical destruction caused by anchors, and the occurrence of
debris on the reefs (primarily anchors, chains, and cables). Resource
monitoring of long-term changes in reef coral populations or growth rates
has indicated no substantial changes attributable to human activities.
Potential industrial effects caused by offshore development in the northwest
Gulf have been monitored, but have never been detected, nor have long-term
water quality changes. It is anticipated that the January 1992 designation of
the Flower Garden Banks National Marine Sanctuary will foster continued
resource protection and monitoring, and encourage increased research on
important functional attributes of these unique and pristine coral reefs.
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2.0 INTRODUCTION
2.1 Program Relevance and Direction

Tropical coral reefs are complex biogenic structures on the sea bed
which support the most highly diverse communities of organisms in the
marine environment. The framework of coral reefs is produced primarily by
hermatypic corals and coralline algae, which are the dominant components
of the benthic assemblage. The integrity and nature of coral reef
communities are dependent on both the continued existence of a substantial
cover of living coral to produce new reef rock, continual cementation by
coralline algae, and the maintenance of the framework in the configuration
in which it was produced. In general, the form and structure of reefs are
highly influenced by, and adjusted to, the physical conditions of their
environment. Some of the most important physical parameters involved in
controlling development include prevailing currents, water clarity, thermal
cycles, salinity, and the frequency of storms.

Man has repeatedly caused the destruction of reef framework and reef
populations. Reef rock is mined for use as building stone in the Indo-West
Pacific. Swaths of Red Sea reef flats have been severely damaged by
explosions used in geophysical surveys. Reefs have been buried beneath
causeways, trampled upon, broken piecemeal by tourists, crushed beneath
shipwrecks, subjected to damage by anchors and ground tackle from boats
and ships of all sizes, and silted over or destroyed by dredging activities (see
reviews by Johannes, 1975, Endean, 1976, and Pearson, 1981). More
subtle, but important stresses, such as the eutrophication (or nutrification)
of waters around tropical reefs have more recently become evident,
particularly in the Florida Keys (LaPointe and Clark, 1990; Olsen, 1991) and
in Hawaii (e.g., Marszalek, 1987).

Although such impacts are most intense on coastal emergent reefs,
submerged reefs far offshore are not immune. In 1985, a portion of Bright
Bank, a reef at 37 m depth near the Flower Garden Banks, was blown apart
by treasure hunters (Bright, 1986). The Flower Garden reefs, adjacent to
commercial shipping lanes, have been used as offshore anchoring sites by
large vessels for decades, and it became evident in the 1980's that
anchoring on these reefs was increasing with escalating ship traffic. Prior to
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the installation of permanent moorings in 1990, it also became evident that
small vessel anchoring was increasing on the banks. Concern over the fate
of the Flower Garden reefs in relation to these impacts has been an
important factor leading to their designation as a National Marine Sanctuary.

Under normal conditions, change on coral reefs occurs slowly. Under
altered conditions, deterioration of coral reef communities can be a rapid
process, especially when caused by catastrophic natural or man-induced
mechanical impact (e.g., hurricanes, blasting, dredging, mining, and ship
groundings). Under such conditions, change is perceived as acute coral
tissue loss. Such impacts as thermal, oil, chemical, or nutrient pollution can
cause gradual deterioration of coral reefs. In these cases, change is
perceived as gradual, but consistent net tissue loss. Similarly, chronic low
level mechanical stresses imposed by coral collection, destructive fishing
techniques, or high levels of recreational diving and boating may also cause
gradual decline of coral populations or coral viability (e.g., Tilmant and
Schmabhl, 1983, and papers in Salvat, 1987).

Potential environmental threats posed by substantial hydrocarbon
development and other human activities on the outer continental shelf in
the northwest Gulf of Mexico, and the sensitivity of coral reefs to unfamiliar
environmental change prompted the Minerals Management Service to
initiate a long-term monitoring program at the Flower Garden Banks. Such
a program serves to address concerns regarding both gradual and
catastrophic deterioration of these unique offshore ecosystems. It also
provides for the augmentation of a data base relating to coral community
viability dating from the early 1970's. Techniques for coral community
assessments, and baseline data on coral populations, cover, and diversity
were collected during the 70's during MMS-funded studies of the coral reefs
of the Flower Garden Banks (Bright et al.,, 1981, 1982) and later used in
damage assessment (CSA, 1984; Gittings and Bright, 1986) and monitoring
studies on the East (CSA, 1985) and West (CSA, 1990) banks.

A long-term database is extremely valuable, particularly in light of the
January 1992 Flower Garden Banks National Marine Sanctuary designation.
Recreational use of underwater areas tends to increase following the
establishment of an area as a marine park, preserve, sanctuary, or reef
authority (Tilmant, 1987). A long-term data base and standardized data
collection and analysis techniques may allow for the identification of impacts
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caused by the expected increase in recreational use. Furthermore, due to
differences in the nature of recreational activities and petroleum exploration
and production activities, and the nature of the damage potentially caused by
these operations, it may be possible to determine the principal factors
leading to any community changes observed in future years at the Flower
Gardens.

2.2 Study Objectives

The primary objectives of the long-term monitoring study at the
Flower Garden Banks were:

(1) to provide relevant and timely environmental data to those
charged with developing policies concerning oil and gas
exploration and development in the vicinity of sensitive
ecosystems,

(2) to document long-term changes in reef-building and
associated communities at the Flower Garden Banks caused
either by impacts of petroleum exploration and development
or other human activities, and

(3) to document long-term natural variation in reef-building and
associated communities on the banks.

In addition to these primary objectives, a preliminary study on trace
metals in corals was conducted in order to evaluate the potential for
determining long-term changes in water quality by skeletal analysis.
Trace metals are found in annual growth bands of reef-building corals
(Livingston and Thompson, 1971; Shen and Boyle, 1988). Elemental
characteristics of coral skeleton within these growth bands may reflect
temporal changes in seawater composition. Thus, seawater composition
changes resulting from dissolved materials discarded during industrial
activities in the northern Gulf of Mexico may be reflected in coral
skeletons on the Flower Garden Banks.

The saturation concentration of barium (as barite) in the surface
ocean is approximately 35 parts per billion (ppb) (Church and Wolgemuth,
1972). Dissolved barium concentrations in Gulf of Mexico surface waters
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are in the range of 5-15 ppb. (substantially undersaturated). Consequently
the dissolution of barite is possible under these conditions.

More than two million metric tons of barite have been discharged
on the Gulf of Mexico Outer Continental Shelf since 1978 (10,000 new
wells; P. Boothe, pers. comm.). There is growing evidence that a
significant portion (50% or more) of the barite dissolves, releasing
contaminant trace metals, or is rapidly advected to the shelf/slope break
(P. Boothe, pers. comm.). These processes could be altering trace
element and organic levels in the fauna of the Flower Garden Banks. Coral
skeletal material is particularly well-suited for studies of barium (Ba)
because Ba substitutes for calcium during calcification at a fairly high rate
(ppb range). We chose, therefore, to analyze reef-building corals at the
Flower Gardens to determine whether they have incorporated increased
amounts of Ba following increases in industrial activity. Preliminary
results of Ba incorporation from 1910 to 1989 are presented.

2.3 Overview of the Study Area

The East (EFG) and West (WFG) Flower Garden Banks are located near
the edge of the continental shelf, slightly over 175 km SSE of Galveston,
Texas (Figure 2-1). The banks are topographic expressions of uplift caused
by underlying salt domes originating from Jurassic, Louann evaporite
deposits 15 km below the seafloor (Rezak, 1981). The crests of these
isolated banks, which are 19 km apart, are occupied by submerged coral
reefs which rise to within 15 m of the surface. Total coral cover on the
reefs averages over 46%. The reefs are dominated by Montastrea annularis
(~25.5% cover), Diploria strigosa (~8%), Porites astreoides (~3.5%), M.
cavernosa (~3%), Colpophyllia spp. (~2.5%), and the hydrozoan Millepora
spp. (~2%) (Bright et al., 1984; and data from this study). These six species
comprise over 95% of the total coral cover. An additional 11 reef-building
species total approximately two percent cover. No acroporid scleractinians
(elkhorn or staghorn corals) or shallow-water octocorals (sea fans, sea
whips, and other gorgonian corals) exist on the banks. Together, the bank
zones containing high diversity coral reefs cover roughly 1.4 km? (almost
350 acres) Figures 2-2 and 2-3 show the relative amounts of high diversity
reef and other habitats at the EFG and WFG.
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The Flower Garden Banks are unique in many respects, not the least of
which is the fact that these isolated environments harbor coral reefs very
near the northern physiological limits for tropical hermatypic corals. The
annual temperature range at the Flower Gardens, roughly 19-31°C, imposes
acceptable conditions for reef development. Less than 50 km northward,
winter temperatures are too low for reef-building (Rezak et al., 1990). The
Flower Garden Banks have comparatively low community diversity (Bright et
al., 1984). Only 18 of the 65 Western Atlantic hermatypic coral species
occur. It is not known whether the isolation of the Flower Gardens, the
depth of the reef crest, or other environmental conditions limit species
diversity, but abundance and growth rates of corals there compare favorably
with those in more tropical locales at similar depths (Rezak et al., 1985).

As described by Rezak et al. (1985), within the Gulf of Mexico, the
Flower Garden Banks appear to be elements of a discontinuous arc of reefal
structures that occur on the continental shelf. Aside from some low
diversity reef communities on neighboring banks, the coral reefs closest to
the Flower Gardens are off Cabo Rojo, about 100 km south of Tampico,
Mexico (Villalobos, 1971). Moore (1958) listed 43 species of Caribbean reef
invertebrates from Cabo Rojo, many of which are common at the Flower
Gardens. However, certain abundant corals typical of emergent reefs, such
as Acropora palmata (elkhorn coral) and A. cervicornis (staghorn coral), do
not occur at the Flower Garden reefs. Shallow-water octocorals (sea fans
and sea whips), which surprisingly are absent from the Flower Gardens, are
present at Cabo Rojo and other reefs several miles south near Isla de Lobos
(Chamberlain, 1966; Rigby and McIntyre, 1966), and elsewhere in the
southwestern Gulf of Mexico (Nelson et al., 1988). Octocorals are abundant
on Alacran reef (Kornicker et al., 1959) and other reefs on the Yucatan
continental shelf.

The Flower Garden Banks contain the northernmost thriving coral
reefs on the continental shelf of North America (Bright et al., 1984). In the
Atlantic Ocean, only the reefs of Bermuda, 900 km off South Carolina, are
farther north. Though coral diversity at the Flower Gardens is lower than
Caribbean and Florida reefs, it is similar to that of Bermuda reefs (Rezak et
al., 1985). Bright et al. (1984) listed 21 species of scleractinians and one
hydrocoral from the Flower Garden reefs. Of these, 18 were considered to
be hermatypic (i.e., reef-building corals).
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Biotic zonation (Figure 2-4) is distinct, stringently depth-related, and
nearly identical on both the East and West Flower Garden banks. The
characteristics and limits of biotic zones on the banks have been defined
primarily on the basis of direct visual observations and selective sampling
performed using the Texas A&M research submersible Diaphus and
scientific scuba diving. Such techniques result in basically qualitative
judgments. In pursuit of objective insight that may reveal subjectively
overlooked subtleties in zonation, Rezak et al. (1985) compiled and analyzed
algae and invertebrate occurrence and abundance observations taken from
videotaped records of all submersible transects. Cluster analyses agree with
and confirmed the authors' qualitative descriptions of benthic communities
and zones at the Flower Gardens. A similar exercise has also been
conducted for fish community determinations (Dennis, 1985; Dennis and
Bright, 1988).

Submerged coral reefs constitute the shallowest reefal structures on
the East and West Flower Garden Banks and occupy the crests of the banks
down to a depth of 52 m (Bright et al., 1984). The majority of the reef top
areas occur between 18 and 28 m, but 15 m depths can be found. The reefs
are composed of closely spaced or crowded coral heads, some over four
meters in diameter and height. Patches of sand or carbonate gravel occur
among the frequently cavernous coral heads that show evidence of
substantial, though not atypical, internal and surficial bioerosion.

Two biotic zones are recognizable on the coral reefs: a high-diversity
assemblage (16 hermatypic coral species) limited to depths of less than 36
m (Diploria-Montastrea-Porites Zone), and a comparatively low-diversity
assemblage (approximately 12 hermatypic coral species) between 36 and 52
m (Stephanocoenia-Millepora Zone).

Because it is accessible to divers, more is known of the Diploria-
Montastrea-Porites community (where the permanent sites in this study
were established) than any others on the Flower Garden Banks. Edwards
(1971) considered the coral reef at the West Flower Garden Bank to be
similar to submerged reefs described by Logan (1969) on the Yucatan Shelf,
thus implying a comparable hierarchy of coral dominance (percent cover;
Diploria dominated, followed by Montastrea and Porites). However,
subsequent studies at the Flower Gardens by Bright et al. (1974, 1984),
Tresslar (1974), Viada (1980), and Kraemer (1982) showed conclusively
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that Montastrea annularis was the dominant coral, followed by Diploria
strigosa, Montastrea cavernosa, Colpophyllia spp., and Porites astreoides.
Convention should therefore dictate a change in zonal designation for high-
diversity reefs at the Flower Garden Banks to Montastrea-Diploria Zone to
reflect the true order of coral dominance above 36 m. For convenience,
however, Rezak et al. (1985) retained the older designation.

Crustose coralline algae are abundant on the high-diversity reefs and
add substantial amounts of calcium carbonate to the reef substratum.
Standing crops of leafy algae on the high-diversity reefs are consistently low,
possibly kept so by the grazing activities of fishes, including certain scarids
(parrotfish), pomacanthids (angelfish), Acanthurus spp. (surgeonfish), and
Kyphosus spp. (chub), as well as mobile invertebrates, such as gastropods
and, until their mass mortality in 1983 or 1984, the long-spine urchin
Diadema antillarum.

Sponges occupy a small portion of the high diversity reef and probably
do not contribute substantially to reef development in this zone. On deeper
portions of the banks, however, the sponge community is much better
developed. Between 46 and 88 m, the Algal-Sponge Zone occupies plateau-
like regions of the banks many times larger than the high diversity reefs. In
this zone, sponges provide the majority of substrate relief, significant habitat
for fish and invertebrates, and along with coralline algae, are the primary
reef substrate producers.

The 253 species of reef invertebrates and 103 reef fishes reported by
Bright and Pequegnat (1974) were almost all taken from the Diploria-
Montastrea-Porites Zone at the West Flower Garden Bank. Subsequent
studies showed nearly identical community structure and diversity for the
Diploria-Montastrea-Porites Zone at the East Flower Garden Bank.

Among the typically caught sport and commercial fishes that frequent
the high-diversity coral reefs are several species of grouper and hind,
Mycteroperca spp. and Epinephelus spp.; amberjacks, Seriola spp.; great
barracudas, Sphyraena barracuda; and porgies, Calamus spp.

Spiny lobsters, Panulirus argus, are known to occur on the high-
diversity reefs at both banks and on several other banks in the northwestern
Gulf of Mexico (Sonnier Bank, 18 Fathom Bank, and Bright Bank). Spotted
lobsters, Panulirus guttatus, are much more common on the shallow coral
reefs (26 m) at the East Flower Garden and also occur at the West Flower
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Garden. The shovel-nosed lobster, Scyllarides aequinoctialis, has been
observed on the high-diversity reefs at the both banks. These species of
lobster are probably widely distributed on the outer continental shelf banks
in the northwestern Gulf of Mexico, but nothing is known of the magnitude
and dynamics of their regional populations or whether they could support a
commercial lobster fishery.

Deeper biotic zones at the Flower Garden Banks include the Madracis
Zone (28-46 m), Stephanocoenia-Millepora Zone (36-52 m), Algal-sponge
Zone (46-88 m), Antipatharian-Transitional Zone (82-89 m) and biotic
assemblages within a turbid bottom nepheloid layer (>86 m) (Rezak et al.,
1985). Generally, reef building activity is negligible below the Algal-sponge
zone (Bright et al., 1984).

2.4 Background

The Department of Oceanography at Texas A&M University has been
involved in research on the reefs and banks offshore Texas and Louisiana
since 1961. Until 1974, the research was funded by Texas A&M University
and the Flower Garden Ocean Research Center at the University of Texas
Marine Biomedical Institute. The Bureau of Land Management (a portion of
which is now the Minerals Management Service [MMS]) began funding
studies on the Flower Garden Banks and other banks off Texas and Louisiana
in 1974. Earlier research had been aimed at developing a conceptual model
of coral reef growth on a terrigenous shelf (Edwards, 1971) and
documentation of the biota of the reefs and banks (Bright and Pequegnat,
1974). Beginning in 1974, there was a slight change in research goals in
order to provide the MMS with baseline biological and geological data to
assist in establishing policy with regard to the need for and nature of
protective regulations to be imposed on drilling operations near the banks.
MMS funding for this research continued until the middle of 1983. Thirty
eight banks were mapped using precision navigation, precision depth
recorder, and side-scan sonar. High resolution subbottom surveys were
conducted on 20 of the banks. Submersible observations and sampling were
conducted at 28 of the banks using the Texas A&M submersible DRV
Diaphus operated from the R/V Gyre and other vessels. Extensive scuba
diving investigations took place in the shallower parts of the East and West
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Flower Garden Banks. The study of the Flower Garden Banks was much more
extensive than of the other banks and as a result, the more complete
sequence of biotic zones present there was used as a standard for
comparison with other banks. MMS has remained responsible for (i.e.,
required through lease stipulations) or conducted all monitoring on the
Flower Garden Banks since the mid-1970's.

Environmental factors that can be correlated with, and probably
control regional patterns of community structure, distribution, abundance,
and zonation of tropical epibenthos in the northwestern Gulf of Mexico
include distance from shore, substrate type, bottom depth, bank relief,
water temperature, salinity, river runoff, turbidity, sedimentation, currents,
and seasonal variation of the last six (Rezak et al., 1985, 1990).

Conditions at the Flower Garden Banks are favorable to the
development of tropical reef communities. First, currents come primarily
from the southwest and are oceanic. These currents carry larvae, spores,
and juveniles from the tropical waters of the southern Gulf of Mexico, and,
possibly, the Caribbean. Second, coastal water masses, which are highly
influenced by outflow from the Mississippi and other rivers in Louisiana and
East Texas, are held onshore and directed west most of the year. As a
result, turbidity at the Flower Gardens and other banks beyond the 80 m
isobath is usually low (except in the bottom boundary layer), and salinity
averages 36 ppt. Third, surface water seaward of the 80 m depth contour
remains above 18°C year round. The minimum temperature for vigorous
growth of coral reefs is 18°C (see Stoddart, 1969). Fourth, the high relief of
the Flower Garden Banks above the surrounding soft bottom protects the
reef top from the inimical effects of the bottom nepheloid layer. A
substantial nepheloid layer at the Flower Gardens shallower than about 80 m
has not been observed and the water is usually fairly clear.

2-13



3.0 Field Sampling and Logistics
3.1 Overview

The establishment of monitoring stations at the East Flower Garden
Bank involved first delimiting a 100 m by 100 m area containing reef
communities considered representative of the high diversity zone (Diploria-
Montastrea-Porites Zone) of the bank. This was followed by establishing and
mapping one hundred twenty (120} permanent stations for monitoring
growth of Montastrea annularis and Diploria strigosa (60 stations for each
species), forty (40) permanent posts to mark 8 m2 repetitive sampling
stations for monitoring individual coral colonies, and thirty (30) permanent
accretionary growth spikes in coral colonies. This resulted in a study site
comparable to that established by Continental Shelf Associates, Inc. (CSA,
1990) on the West Flower Garden Bank in the summer of 1988 during
monitoring efforts conducted for Union Oil Co. (required by MMS under
lease stipulation compliance). The coordinates of mooring buoys that mark
the study sites (both within 25 m of the centers of the sites) are as follows:
East Flower Garden Bank - 27°54'31.4"N, 93°35'50.8"W; West Flower
Garden Bank - 27°52'30.6"N, 93°48'54.7"W.

Following study site establishment, photographic and video field work
was conducted at both banks at roughly six month intervals. Cruises were
conducted in late winter/early spring and late summer/early fall. These are
periods immediately following yearly temperature extremes. The late
winter/early spring sampling coincides with a period of rising temperature
and rapid coral growth. Late summer/early fall sampling coincides with
times often associated with "stress" and other significant events in coral reef
ecosystems (e.g., bleaching events [Photo 3-1], slow growth, and coral
spawning).

In order to enable relocation of this study site and the site on the West
Bank, each corner was marked with subsurface floats attached to modified
stainless steel eyebolts (1 cm diameter threaded rod) cemented into 8 cm
diameter holes drilled approximately 20 cm into the reef substrate. Floats
were made of closed-cell foam and attached to the eyebolts using stainless
steel wire. They floated three to five meters above the bottom.
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Photo 3-1. "Bleached" Diploria strigosa colony. White coloration is due to the loss of
zooxanthellae, symbiotic algae which normally produce the green to brown
shades in healthy coral tissue. Zooxanthellae loss results in slow growth,
deficient nutrient recycling, and may lead to infection.

At the beginning of each sampling effort, divers located site corners,
then tightly tied 100 m yellow or green polypropylene line along each side
of the study site (lines were oriented north/south and east/west). The lines
contained knots and loops every 25 m which, when coupled to line color,
enabled divers to determine their exact location at any time. During periods
with strong currents, divers used the lines to pull themselves to desired
areas of the study site.

At the East Flower Garden Bank, most stations were established within
15 m of study site borders. Thus, only four lines adequately defined the site.
At the West Flower Garden Bank, stations had been established by CSA
throughout the 100 m x 100 m site. For this reason, two extra lines were
installed during each trip to this bank. These lines crossed the center of
the study site and had similar knots and loops for diver guidance. All lines
were retrieved using hand reels after each sampling effort.

Sampling was conducted by scientific divers using equipment that
included cameras, camera frames, magnifying framers, strobes, underwater
maps, data sheets, and rulers. Water samples were taken near 1200 hours
daily from one meter below the surface and one meter above the reef, and
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initially processed on the ship. With exception of dives to document coral
spawning, diving activities were conducted during daylight only.

Prior to May of 1990, field work was conducted with the research
vessel either anchored in a large sand flat located outside the study site
(West Bank), or tied to a large concrete block on the north edge of the study
site (East Bank). In May of 1990, permanent moorings were installed on
each bank (five on the West and seven on the East Bank). One mooring was
installed in each study site. Each consisted of 1) a 2.5 cm diameter stainless
steel U-bolt secured with Type II Portland cement in two, 56 cm deep by 10
cm diameter holes drilled in the reef surface, 2) 5 cm polypropylene line
shackled to the U-bolt, and 3) a large surface float and tag line. Following
this, Cruises 4 and 5 were conducted with the research vessel tied to
moorings within each study site. Cruise 6 was conducted using a large
vessel, which remained anchored in deep water at the edge of each bank.
Divers were shuttled to and from the study sites in inflatable boats.

3.2 Cruise Summaries

Table 3-1 indicates cruise designations, cruise dates, dates on station,
and diving activity on each cruise conducted during the study.

Due to extremely poor weather conditions during the first three
months of 1989 and in May of 1989, six legs were required to complete
station establishment and data collection on the first cruise. Each leg was
suspended by deteriorating weather. A total of 462 dives (34% of all project
dives) were required to complete the work on this cruise (predominantly
station establishment). With the exception of the second cruise, no other
cruise required multiple legs to complete data collection. The average
number of person-dives required to complete semi-annual monitoring work
was 178 per cruise. An average of 97 were required per cruise on the West
Bank, and 81 were required on the East Bank. This was due to the group's
familiarity with the East Bank and the study site maps (having established
the stations and produced the maps), and the location of the majority of
stations within 15 m of the site boundaries.
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Table 3-1. Cruise activity, including dates, time on station, and diving activity. Total
under Number of Divers (64) indicates number of different divers used on the

project.
On-Site | Ship | Number | Person-
Cruise Vessel On-Site Dates Days Days | of Divers | Dives
la M/V Fling 12/13-12/16/88 3 4 10 75
1b M/V Fling 2/25-2/26/89 2 2 11 57
1c M/V Fling 4/7-4/9/89 3 4 12 97
1d M/V Fling 4/17-4/21/89 4.5 5 10 155
le M/V Fling 6/3-6/3/89 1 1.5 28
1f M/V Fling 6/19-6/20/89 1.5 2 50
2a M/V Fling 8/11-8/12/89 2 2 15 96
2b M/V Fling 8/23-8/24/89 2 12 92
3 M/V Eunice B. 4/22-4/25/90 4 4.5 15 169
4 M/V Fling 10/29-11/1/90 4 4 15 212
5 M/V Fling 3/24-3/27/91 4 4 8 121
6 R/V J.W. Powell 8/30-9/2/91 _ 4 4.5 17 199
Totals 35 39.5 64 1351
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4.0 METHODS
4.1 Random Transects
4.1.1 1989-1991 Transects

During each sampling trip, twenty, 10-meter random transects were
photographed at each study site (sand flats were avoided). To achieve
randomization of the transect photography, divers were deployed at random
throughout the site, where they descended directly to the bottom. Each
diver carried a slate containing a list of random numbers between 20 and
100 and a list of random compass headings between 0° and 360°. After
descending randomly into the study area, the divers proceeded to the
beginning of the first transect by reading the first random number (X) and
direction (Y) combination off the slate and swam X number of flipperkicks
on a compass heading of Y. The divers photographed the transect along the
same compass heading, then proceeded to the next random transect by
kicking a second random number of kicks in a second random direction.
Sand flats were avoided in order to maximize the amount of coral population
data collected and maximize dive time efficiency.

Divers photographed the reef surface using non-overlapping
photography along each transect. Seventeen photos produced 10-meter
long transects. Each diver photographed two transects on each dive.

Photographic equipment included a Nikonos III or V underwater
camera, 28 mm lens, 36 exposure, 100 ASA Kodacolor VRG or Fujicolor
film, and two Ikelite 150 watt-second strobes mounted on a stainless steel
camera frame that enclosed a 60 by 85 cm area of seafloor (Photo 4-1).
Photos include approximately 44 by 63 cm of seafloor. The bottom of the
camera frames were padded with foam pipe insulation to prevent damage to
corals.

Areal coverage on random transects was considered the downward
projection of a colony onto a two-dimensional substrate (Photo 4-2). Data on
coral, leafy algae, and sponge cover was acquired using a Numonics Corp.
model 1224 electronic digitizing planimeter and electronic graphics
calculator. Colonies on photographs were outlined using the calibrated
planimeter, and colony cover automatically calculated. Percent cover data
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Photo 4-1. Diver using camera framer to photograph random transects 10 m in length. Seventeen
side-by-side, non-overlapping photos compose each transect. Twenty transects were
photographed on each bank during each sampling cruise. Foam pipe insulation on framer
base protects corals from abrasions caused by bottom contact (photo by G.S. Boland).

Photo 4-2. Example of photographs resulting from transect photography (color photos make species
identification easier than black-and white photos such as this one). Colony borders were
outlined using a digitizing planimeter and cover calculated electronically.
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were acquired for all coral species, leafy algae, sponges, and reefrock on the
photographs. Also calculated was the number of colonies of each species,
relative dominance of each coral species (percent cover relative to total
coral cover), species diversity (from the natural log form of the Shannon-
Weaver Diversity Index), and evenness (species diversity divided by the
maximum possible diversity; i.e., the natural log of the number of species
present). For species diversity and evenness based on coral cover, p; in the
diversity formula H'=-X p, In p, was relative dominance.

A distribution-free analysis of variance procedure for multiple samples,
the Kruskal-Wallis test, was used to determine whether statistical
differences existed between time periods or between sample sites. The
parameters examined were those given above.

Where significant differences were found, a Tukey's multiple range
test was applied in order to determine which time periods show
differences. Tukey's test is recommended over the more commonly used
Duncan's multiple range test, since it tends to reduce the experimentwise
error rate (SAS Institute, Inc., 1985). That is, the tendency for so-called
Type 1 errors, the probability of rejecting the null hypothesis when it is true,
is reduced relative to less conservative multiple range procedures.

4.1.2 Historic Data

Population, recruitment, and growth data for corals at the Flower
Gardens were presented by Abbott (1979), Viada (1980), Kraemer (1982), a
number of Bureau of Land Management and Minerals Management Service
reports prepared by Dr. Thomas Bright and his research group, Bright et al.
(1984), Continental Shelf Associates (1985), Rezak et al. (1985), and
Gittings and Bright (1986). Data from these studies, where appropriate,
were compared to data collected during this study.

Plans for future research include reanalysis of photographs taken in
the 1970's and early 1980's using methods developed in this study. This
will be an effort to directly compare data. Previous studies used the line-
intercept method to measure coral populations, whereby only portions of
corals intersected by a transect tape were quantified. Using random
transect photography and planimetry, recent photos have been analyzed by
calculating areal cover of all corals in photographs.
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4.2 Accretionary Growth
4.2.1 Growth Spikes

Thirty spikes were implanted in the tops of colonies of the star coral,
Montastrea annularis to monitor accretionary growth of this species at each
of the study sites at the Flower Garden Banks. The 20-cm stainless steel
spikes were driven into corals using a modified air hammer attached to a
diver's scuba tank. The air hammer had an attachment which drove the
spike in 10 cm and left 10 cm exposed above the coral surface. Numbered
plastic tags were attached to the spikes for station identification (Photo 4-
3). Periodic measurements of the spike to the nearest millimeter provided
estimates of accretionary growth.

Photo 4-3.  Accretionary growth spike in the top of a Montastrea annularis colony. Numbered, plastic
tags were attached to the tops of each spike for identification. Measurements of spikes at
six month intervals provide estimates of upward, or accretionary, growth of colonies (photo
by G.S. Boland).

4-4



This method has been used by a number of investigators and can be
problematic. This is because (1) nail height measurements can be difficult
to make accurately due to the convoluted and rugged surface texture of coral
heads (especially on the brain corals, Diploria spp.); (2) repeated contact
with one area of coral tissue (i.e. during measurement) may lead to the death
and necrosis of such tissue and the interruption of accretionary growth; (3)
the implantation of growth spikes, which necessarily causes some tissue
destruction, also sometimes leads to infection by filamentous algae; (4)
occasional, but inevitable, loss of some growth spikes results in the loss of
data; (5) loose spikes cannot provide meaningful data; and (6) the presence
of the spike can alter growth patterns (e.g., occasionally, coral tissue rapidly
grows upwards on the spike). Nevertheless, when the condition of spikes is
carefully monitored, and data used judiciously, this method can be an
effective way to acquire a large number of estimates from a large number of
samples.

Data from growth stations were carefully examined to avoid including
information from stations affected by any of the problems mentioned above.
Some stations (11 of 60) were completely deleted from the analysis,
generally because spikes were loose throughout the study. For those stations
with spikes that were loose for only a portion of the program, data were
deleted for those time periods only. Overall, 52% of measurements
provided useful data.

In estimating growth rates from each bank, data from each station
represented single estimates (samples) of accretionary growth. Each
sample was based on two, three, four, or five intervals, depending on the
integrity of the station.

Samples used to estimate accretionary growth rates between cruises
were those stations for which data were collected on sequential cruises in
the interval. Growth rate estimates for each interval were sample averages.

4.2.2 Sclerochronology
We also used sclerochronology (measurement of skeletal growth
bands) to determine accretionary growth rates of corals (e.g. Hudson, 1981).

Cores from coral heads were taken in May of 1990 from four Montastrea
annularis coral heads, two at the East Flower Garden Bank, and two at the
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West Bank (at approximately 23 m depth; J. Halas, pers. comm.). Growth
rates were determined by measurement of annual corallum density changes
(Hudson et al., 1976). It is widely recognized that these growth data are
more accurate than underwater measurements, though acquisition is more
difficult.

Coral cores were processed in St. Petersburg, FL, at the U.S.
Geological Survey facility, under the direction of Dr. Robert Halley. Cores
were "slabbed" using a diamond-impregnated saw, resulting in 3-4 mm thick
samples, then X-rayed to reveal density bands. A pair of low and high
density bands define one annual accretionary growth increment. (Knutson
et al., 1972; Macintyre and Smith, 1974; Dodge et al., 1974; Dodge and
Thompson, 1974; Hudson et al., 1976). The upper boundary of each high
density band was considered as the line separating annual growth
increments.

Previous studies of annual bands and coral growth generally have
employed single or several linear measurements of individual growth bands
along a "growth axis" (e.g. Hudson et al., 1976; Figure 4-1). Using
planimetry, it is possible to integrate data throughout the entire growth
band during any single year (or multiple fragments, if an entire band is not
well defined). Acetate overlays were used to delineate annual growth
increments, which were traced from the coral onto the overlay. Areas of
each annual growth band were then measured on overlays using planimetry.

Accretionary growth was determined by first measuring annual growth
areas contained between right and left parallel microstructural borders
within each annual band (Figure 4-1). A given year band may contain several
of these areas. The annual accretionary growth rate was then calculated by
dividing the sum of calculated areas by the sum of the lengths of the bases of
these areas.
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Figure 4-1. Elements of a portion of a processed coral core from the West Flower Garden

Bank, showing axis of growth, annual bands (labeled by year), microstructural
features within annual bands, and bases of annual bands. Left X-radiograph
includes acetate overlay. Right X-radiograph does not.
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4.3 Encrusting Growth

Each permanent station for monitoring encrusting (lateral) growth of
M. annularis or D. strigosa was established using two 10 cm long nails made
from 0.3 cm diameter stainless steel welding rod (Photo 4-4). They were
installed 23 cm apart so that a Plus 5 diopter framer attached to an
underwater lens and camera could be placed directly over the nails and
encompass a repeatable 13.3 by 19.7 cm photographic area (Photo 4-5).
The stations were established so that the colony border traversed the
approximate center of the photographic frame (Photo 4-6). Nails were
driven only into bare substrate and contained numbered plastic tags. This
methodology was used successfully in studying coral growth on damaged and
undamaged coral heads following a freighter grounding in the Florida Keys
(Bright et al., 1987).

Photo 4-4. Establishment of encrusting growth station using a pneumatic hammer with
modified hammer bit (air supplied from diver's tank). This apparatus was used to
drive nails or accretionary growth spikes to specified depths into coral heads,
leaving them exposed for easier location or measurement (photo by G.S. Boland).
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Photo 4-5. Diver photographing encrusting growth station with diopter framer attached to
an underwater camera (photo by G.S. Boland).

Photo 4-6. Close-up photograph of Montastrea annularis encrusting growth station. Polyp
mouth positions are at the centers of each polyp, and many appear as white dots.



At each study site, 60 stations were established on coral heads of the
species Montastrea annularis and 60 on heads of Diploria strigosa. Each
station that remained intact between sampling visits was photographed
using a Nikonos III or V underwater camera, 28 mm lens, plus 5 magnifying
diopter framer, 100 ASA Kodacolor VRG or Fujicolor color print film and
one Oceanic 2000 strobe, or Ikelite 150 watt-second strobe. Camera
settings were 1/60 second (for the Nikonos III) or MO0 (for the Nikonos V)
shutter speed, minimum or maximum focus (depending on diopter lens
used), and /16 or f/22 (depending on strobe used). Stations were located
using maps of the study sites printed on underwater paper. The maps were
modified throughout the course of the study as stations were lost or altered.

Growth and retreat were measured by projecting sequential images of
coral margins onto the same surface using an image enlarging/reducing map
projector (matching polyp mouth positions for M. annularis and ridge
features on D. strigosa). This was followed by planimetric measurement of
areas of growth and retreat, and border lengths over which the changes
occurred (Gittings et al., 1988). Growth and retreat rates for each station
(in cm/6 months) were calculated by dividing planimetric measures of
change (cm2) by the total analyzed border length of the station (cm). Net
growth was measured by pooling growth and retreat measurements.
Stations provided single estimates (samples) of each measure (growth,
retreat and net rates), regardless of the number of areas of growth or retreat
present.

4.4 Repetitive Quadrats

Permanent posts marking repetitively photographed sites for
monitoring changes in individual colonies were driven into 1.6 cm diameter
holes drilled approximately 15 cm into the reef substrate (Photo 4-7 and 4-
8) and tagged with numbered plastic tags. These holes did not contact living
coral tissue.
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Photo 4-7. Pneumatic hammer and star drill bit used to drill holes in reef for the installation
of permanent posts at repetitively photographed quadrats (photo by G.S. Boland).

Photo 4-8. Stainless steel rod with attached stud anchors which flare when driven into holes
in reef surface. Flared stud anchors secure the rods into the reef. Rods marked the
centers of repetitively photographed quadrats (photo by G.S. Boland).
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Initially, a camera frame was fabricated that was used to compose a
photographic mosaic covering 10 m2? surrounding each post. The camera
frame (shaped like a I') was constructed to allow photography of an area out
to 1.8 m beyond the center post marking the station. The camera was
mounted on the camera frame 0.9 m from the post, and provided
photographs of slightly over 2 m2 each. A Nikonos V camera was used with a
15 mm wide angle lens, two 225 watt-second strobes, and 36 exposure, 100
ASA Kodacolor VRG or Fujicolor print film. Twelve photos were taken
around each permanent post, one every 30° of a compass.

This method was used only on the first sampling cruise. It was
determined that the method did not provide repetitive samples.
Methodological problems led to analytical uncertainties so severe as to make
the method inadequate for the detection of the coral community changes it
was originally proposed to detect. These included:

e Many corals in each study site were duplicated in successive photographs
due to the circular nature of the photography. This was especially so near
the center of the study sites. Duplication of photographs wasted dive time
and led to severe analytical problems described below.

e Distortion of duplicated coral heads caused by taking photos from different
angles and different distances in successive photos resulted in individual
colonies having apparent size differences of over 50% in overlapping
photos. The problem was exacerbated by the considerable three-
dimensionality of coral reefs. It was therefore impossible to overlay photos
in the lab in a way which allowed the detailed analysis required for the
detection of even moderate changes on the reefs. Only the largest
disturbances could be detected in quantitative analyses.

e Tilt of the camera or camera frame affected distance above individual
corals. Minor tilt caused significant camera movement due to the distance
of the camera from the center post. It varied between photos on the same
mosaic and between sampling periods, and depended on diver care and
coordination.

e Inadvertent twist of the camera frame (angle variation averaged 2.5° or so)
was a problem also accentuated by the distance of the camera from the
center post. That is, a small compass error causes the camera position on
the arc to change considerably. This resulted in photographs being taken
at considerably different angles and distances from given coral heads over
successive sample periods.
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e Variations caused by the above problems resulted in large variations in the
size of duplicated corals and in the relative position of duplicated and
adjacent corals, making overlap impossible.

In September 1989, we proposed the elimination of multiple
photograph, circular mosaics, and instituting a method that would provide
single photos of each repetitively photographed stations.

We proposed the following method for the acquisition of field data for
8 m2 repetitively photographed stations. The method was tested in the field
and in the lab in order to examine its potential for fulfilling the objectives of
the program. Single photographs were to be taken at each station during
each sampling effort using a T-shaped camera frame equipped with a down-
looking Nikonos V underwater camera, 15 mm lens, two 225 watt-second
strobes, double sync cord, a compass, and a bubble level (Photos 4-9 and 4-
10). The height of the camera above the bottom was maintained by a single
aluminum angle post 2.0 m in length. The photos would be taken with a
compass heading of 000° and the bubble level centered above the station
post. Laboratory test results suggested that, over five sampling periods, we
could expect to cover approximately 90% of each station in 100% of the
photographs (Photos 4-11 to 4-15).

Important advantages offered by the alternate method were:

e Size distortion was minimized by the increased height off the reef, and
lack of variation in distance to given corals resulting from camera angle
error and tilt.

e Tilt caused only minimal distortion and was itself not a significant
problem when care was taken for each photo. Also, the fact that the
camera was a specified distance above the center point of the station
meant that tilt did not affect the distance of the camera above given coral

heads as it did with a I'-shaped camera frame.

e Twist was not a serious problem because distance of the photograph mid-
point from the centerpoint of each station was zero. Furthermore, twist
did not result in significant analytical problems. The average twist of less
than 2.5° (measured in tests) resulted in the loss of only 5% of the station
data on sequential photographs.

e Even with tilt or twist, the slight change in the relative position of
individual coral heads did not affect laboratory analysis. We detected no
measurable difference in the apparent sizes of items of known size in
successive test photographs in which twist and/or tilt occurred.
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Photos 4-11 to 4-15.

Sequence of repetitive quadrat photographs taken from Cruise 2 through Cruise
6. Note high repeatability of photography method. Even in photo areas that were
not exactly repeated, apparent size of individual colonies did not vary
measurably. Dark line in each photo is the T-frame post; it is in the south center
of each photo. Note consistent loss of tissue in diseased coral slightly north of
center and in colony in northwest corner. Large colony on eastern border
appears to have "ridge-mortality" in Photo 4-12.
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Photo 4-11

-12

Photo 4
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Photo 4-14
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Photo 4-15

To determine the optimal size of samples, a series of species-area
curves were generated from previous samples. Such curves can be used to
indicate the photographic area necessary to provide representative samples
of the coral reef community. We used data from 24 random transects (12 on
each bank) taken in 1989 and determined that sample sizes of
approximately 8 m?2 provided representative samples (based on the
approximate top of the species-area curve). Increasing the effort beyond
this point would only add an occasional rare species to the data. Thus, the
majority of species were obtained in samples of 8 m2.

Photographs from the first project cruise generated using the initial
method were assembled into station mosaics. These mosaics were used for
reference when questions arose on later slides of repetitive stations
regarding, for example, species identification, causes of mortality, extents of
bleaching, or the onset of infection.

Station slides produced on the second cruise were considered station
masters, or baseline data against which subsequent slides would be
compared. Slides were projected onto a table top to produce images 25.2
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cm by 37.9 cm. Templates were produced for each station by tracing living
and dead portions of all visible colonies. Colonies were counted, and
percent coral cover calculated using overlays containing 100 randomly
located crosses. Cover was the total number of crosses intersecting live
coral. Three estimates were made of cover at each Cruise 2 station.
Comparisons of slides produced on Cruises 3 through 6 were made by
overlaying baseline templates (Cruise 2 colony borders) on projected images,
and comparing colonies one by one. Changes were determined by sketching
differences between Cruise 2 templates and projected images from
subsequent cruises with pencils color-coded by cruise. Changes were then
characterized using the following categories: growth, disease, bleaching,
algae-mediated or algae/sediment mat-mediated retreat, unexplained
mortality, and mechanical damage. The result of changes was determined
using the following categories: growth, mortality, recovery, or no effect.

4.5 Ancillary Measurements
4.5.1 Dissolved Oxygen

Water samples were taken daily while on site from PVC Niskin bottles
tripped by divers at two depths: one meter below the surface and
approximately one meter above the bottom. Samples were preserved in
glass bottles rinsed with sample water before collection. Care was taken to
ensure that bubbles were removed from tygon tubing before the flasks were
filled. Flasks were overflowed one full volume and the stoppers inserted to
avoid trapping air bubbles.

The technique used for analysis of oxygen was the modified Winkler
technique of Carpenter (1965). As soon as possible after collection, samples
were "pickled" by the addition of a divalent manganese solution (MgCl),
followed by strong alkali (NaOH). The precipitated manganous hydroxide is
dispersed evenly throughout the seawater sample which completely fills the
stoppered oxygen flask. Any dissolved oxygen rapidly oxidizes an equivalent
amount of divalent manganese to basic hydroxides of higher valency states.
When the solution is acidified in the presence of iodide, the oxidized
manganese again reverts to the divalent state, and iodine equivalent to the
original dissolved oxygen content of the water, is liberated. The iodine is
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titrated with standardized sodium thiosulfate (Strickland and Parsons,
1972). The accuracy and precision of the method are operator-dependent,
but accuracy and precision are generally better than +0.003 ml/L. Titrations
were performed by Technical Operations in the Department of
Oceanography of Texas A&M University.

4.5.2 Salinity

Surface and near-bottom salinity samples were taken from Niskin
bottles and transferred to 500-ml citrate bottles that had been triple rinsed
with sample water before collection. These bottles were air tight.

Samples taken for salinity were analyzed by Technical Operations
using a Guildline Model 8400 Autosal Laboratory Salinometer by measuring
conductivity directly.

4.5.3 Temperature

Temperature was measured by divers using a thermometer at
approximately one meter depth and one meter above the bottom. Air
temperature measurements were also frequently made. Temperatures were
determined using a certified bucket thermometer. The bucket
thermometer's calibration per NBS Monograph 150 is performed by the
manufacturer (Brooklyn Thermometer Co.) at five points in the range of the
thermometer. The accuracy of these points is +0.03°C. All thermometers
equilibrated at depth for at least five minutes before reading.

Sea surface temperature data between 1979 and 1990 were collected
from records of AVHRR satellite transits. Temperature data were taken
specifically from the vicinity of the Flower Garden Banks to determine the
average weekly temperature regime over the course of a year and to
compare 1990 data (an anomalous year) to long-term averages.

In 1990, Ryan TempMentor thermographs were installed on the
banks to record bottom temperature every two hours. Accuracy is +0.3°C.
Thermographs were provided by the National Oceanic and Atmospheric
Administration, Sanctuaries and Reserves Division. Depths of the
thermographs were 19 m at the EFG and 24 m at the WFG. The
thermograph on the East Bank was lost between its installation in August
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1990 and October 1990. A replacement was purchased and installed in
March 1991.

Data were collected from thermographs during each sampling cruise,
and batteries replaced. Data were dumped to laptop computers, hard copies
of data printed, and graphs produced.

4.5.4 Light

Light measurements were made on deck, at a depth of one meter, and
one meter above the bottom using a Biospherical Instruments QSP 200L
Submersible Quantum Scaler Irradiance Meter (Photo 4-16). Measurements
were made for five minutes at each depth and converted to quanta/sec/cm?2.

Photo 4-16. Diver taking five-minute light measurement approximately one meter above the
bottom using a Biospherical Instruments QSP 200L Submersible Quantum Scaler
Irradiance Meter (photo by G.S. Boland).
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4.5.5 Barium

Skeletal samples of Montastrea annularis from the West Flower Garden
Bank were analyzed for their trace metal content by Instrumental Neutron
Activation Analysis (INAA), using a high resolution pure germanium detector.
INAA was performed at the Center for Chemical Characterization and
Analysis at Texas A&M University. Annual growth bands from 1910 to 1989
were taken from one M. annularis core sampled at the West Flower Garden
Bank. Sclerochronology (see section 4.2.2) was used to delimit annual
growth bands on core slabs. Individual annual bands were separated using a
0.28 mm thick Thin Flex Abrasive Tech diamond impregnated blade
mounted on a variable speed Dremel tool. In order to clear samples of non-
lattice-bound trace metals, cuttings were thoroughly cleaned before INAA
following a modified methodology of Shen and Boyle (1988).

The dry weight of individual samples was recorded to 0.01 g before
and after cleaning. Individual samples were cleaned in an Ultrasonic bath.
The cleaning process involved six steps: 1) one wash with quartz distilled
water; 2) two washes (4 min each) in 0.2N ULTREX HNOg3; 3) 20 min in
50%-50% oxidizing mixture of 30% H,O2 and 0.2N NaOH; 4) two washes (4
min each) in 0.2N ULTREX HNOj; 5) two rinses with quartz distilled water;
6) samples were dried overnight at 65°C. Samples were then individually
crushed using an agate mortar and pestle. One gram of each of the following
annual growth increments was used for INAA: 1910, 1920, 1925, 1930,
1935, 1940, 1943, 1950, 1953, 1956, 1960, 1966, 1970, 1973, 1977, and
1980. Two replicates were done for 1985 and 1989.

Limitations to the determination of Ba/Ca molar ratios by INAA include
interferences by the elements uranium (U) and strontium (Sr). For uranium,
INAA induces the production of isotopes through neutron induced fission.
Both interferences were taken into account for calculations of Ba/Ca molar
ratios.

46 Video Transects

Diver-held-video recordings along repeated transects enables the
observation of a relatively large area in some detail for the evaluation of long-
term changes. Returning to the same location during two seasons each year
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permitted a census of macro features of the coral reef habitat not possible in
the larger scale of towed video systems or within the smaller scale of 10 m
random transects. Gross changes in various community components along
the video transect can be estimated, as can the temporal stability of
megafauna and flora (i.e., presence/absence and variations in density) and
significant changes in size or percent coverage (e.g., algal cover).

Two videotaped transects of 100 m length were acquired at each study
site during each cruise to show the general conditions of the coral
community at the sites. The video was taken from approximately two
meters above the bottom at an angle of 45°. Video transects were taken
along 100 m lines tautly strung along two sides of each survey area. These
lines were laid for video transect sampling and to orient divers, and
removed after each site survey was completed. They served to establish
semi-repeatable survey transects that could be mapped to show distinctive
features such as areas of sand, high coral density, and diseased or damaged
corals. A weighted line two meters long was attached to the video housing
during the swimming of video transects. The end of this line was kept near
the bottom to maintain a nearly constant camera altitude.

Transects videotaped at the East Flower Garden Bank were along the
north and east boundaries, beginning at the northwest corner. Transects
videotaped at the West Flower Garden Bank were along the south and west
boundaries, beginning at the southeast corner.

Equipment included a Sony CCD-V9 8mm, computer chip imaging
camcorder, in an Amphibico housing. The Sony camera has a 12-72 mm
f/1.6 macro lens with autofocus and automatic exposure.

Video transects were analyzed using a system of either one or two 8
mm videotape players, each with its own television monitor. Tapes were
analyzed by viewing the recorded image(s) on the monitor(s}) and recording
pertinent information on pre-printed log sheets. Individual transects
consisted of between four and seven minutes of videotape along one of two
100 m boundary marker lines at each bank. The resulting sample
represented a transect width of 3.5 m (measured across the center of the
monitor screen) by 100 m in length or a total of 350 m? per transect.

Initially, a number of results were anticipated from the videotape
records including complete census of all fish and motile invertebrate
species. This objective proved to be unattainable, primarily due to the
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limitations imposed by the primary purpose of the video transecting (i.e.,
documentation of long-term changes in the coral community over a
relatively large area). The method by which the transects were performed
was designed as a compromise between sampling the largest area of coral
possible (as determined by increasing camera altitude) and the limitations of
resolution imposed by water clarity and 8 mm video image quality. As a
result, it became evident early in the analysis that it would not be possible to
consistently and reliably census the smaller reef fish, including the abundant
brown and blue chromis (Chromis multilineata and C. cyanea respectively)
and the cryptic species such as damsels and small wrasses. The necessary
compromise was that fish counts were limited to larger-bodied species only,
including creolefish (Paranthias furcifer), creole wrasse (Clepticus parrai),
parrotfish, triggerfish, groupers, tangs, and large wrasses.

The video transecting method also imposed limitations on strict
quantitative analyses of coral growth and changes in percent cover. The
method was useful for discerning gross habitat changes. However, other still
photographic techniques described in this report provided the precision
and resolution required to document small-scale changes. Qualitative video
analyses for changes in coral community health were performed by the
simultaneous use of two video players and monitors. The same video
transect from two separate cruises was loaded in each of the players and by
use of pause/still frame capabilities on the players, the transects were
viewed at the same time. There were some problems in obtaining
consistency of position and orientation of the camera as it was "flown" along
the transect lines. This is inherent in the technique of free-swimming
photographic transects. However, it was generally possible to freeze images
of between 10 and 20 large distinctive coral colonies along each 100 m
transect and evaluate differences between cruises.

Coral bleaching was quantitatively evaluated by estimating area of
complete bleaching. Notations were made of partial bleaching. Still
photographic techniques, however, with consistent illumination provided by
electronic strobes, were much better suited for evaluations of partial
bleaching.

When a bleached coral head was observed, the video player was
paused. Using the known field of view, the bleached surface area was
estimated on the monitor screen using calipers and a metric ruler.
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Planimetry was not utilized because field methodological variation caused by
high relief and a lack of accurate camera-to-subject distance information far
exceeded the increased accuracy provided by planimetry.

Reef fish density results were tabulated by taxa in numbers/100m?2.
Statistical comparisons of densities utilized Student's t test, Multiple
comparisons were tested using ANOVA.
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5.0 RESULTS

5.1 Random Transects

Data analyses included coral counts, coral cover (total and that of
individual species), the mean colony sizes of individual coral species, relative
dominance of coral species, and species diversity and evenness (based both
on coral counts and on coral cover). Comparisons were made between
species, between study sites, and between cruises. Comparisons were also
made between data acquired in this study and earlier studies at the Flower
Gardens (Viada; 1980; Kraemer, 1982; Bright et al.,, 1984). Tables of results
and graphs are presented within this section, where appropriate, and in
Appendix A for comparisons not specifically discussed here.

Study sites were chosen because they appeared to represent typical
coral reef areas of each bank. In the results presented below, it will be
shown that several differences were detected between study sites among
various coral community and species parameters. It should be noted that
these differences may not reflect differences between the East and West
Flower Garden Banks in general. The study sites established on each bank
occupy comparatively small areas of the coral reefs atop the Flower Garden
Banks (0.5 to 1% at the EFG, and 1.5 to 2% at the WFG). Differences may be
due to depth and topographic differences, variations in coral distribution
patterns between the sites, and study site locations relative to the currents
and other topographic and physical factors which influence community
composition. Determinations of differences between coral populations on
the banks in general could be accomplished using random sampling
techniques similar to those used in this study, but would require sampling
over much larger areas of the banks. Nevertheless, monitoring of long-term
changes requires knowledge of differences between study sites. In fact, the
detection of subtle differences not previously observed at these sites reflects
the sensitivity of methods chosen for use in this study.
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5.1.1 1989-1991 Transects
5.1.1.1 Coral Cover and Relative Dominance

Total coral cover did not differ significantly (p>0.05) between study
sites in general (Table 5-1; 46.0% on the EFG and 46.5% on the WFG), or
between sites during any cruise (Table 5-2). No significant upward or
downward trends in percent coral cover occurred at either study site during
the study (Table 5-3).

Among species, significant differences in cover between study sites
were observed for four of 14 taxa (data from all cruises were pooled). Cover
of Diploria strigosa and Siderastrea siderea was higher at the West Bank;
cover of Porites astreoides and Agaricia spp. was higher at the East Bank
(Figure 5-1). With one exception, no significant differences were observed
in cover of individual species between cruises at either site (Tables 5-4 and
5-5). Porites astreoides cover varied significantly on some cruises on the
West Bank (Table 5-4), but the haphazard groupings suggest no significant
temporal trends.

Table 5-1. Comparisons between study sites (cruises combined) of species diversity, species
evenness, and percent coral cover. Kruskal-Wallis Tests compare Shannon-
Weaver diversity based on coral cover, Shannon-Weaver diversity based on
coral counts, evenness based on coral cover, evenness based on coral counts, and
percent coral cover. Kruskal-Wallis Test values (F), degrees of freedom (df), and
associated probability values (P-value) are presented.

=Cruises Combined daf F P-value Results
H' Diversity (cover) 1,236 5.84 0.0164 East >West
H' Diversity (counts) 1,236 14.01 0.0002 West >East
Evenness (cover) 1,236 7.88 0.0054 East >West
Evenness (counts) 1,236 21.18 0.0001 West >East
Percent Coral Cover 1,236 0.22 0.6395 ns
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Table 5-2.

Comparisons between study sites by cruise of species diversity, species evenness,
and percent coral cover. Kruskal-Wallis Tests compare Shannon-Weaver
diversity based on coral cover, Shannon-Weaver diversity based on coral
counts, evenness based on coral cover, evenness based on coral counts, and
percent coral cover. Kruskal-Wallis Test values (F), degrees of freedom (df), and
associated probability values (P-value) are presented.

Cruise df F P-value Results
_ — —

1 1,37 0.06 0.8042 ns

2 1,38 4.09 0.0501 ns
H' Diversity (cover) 3 1,38 2.75 0.1053 ns

4 1,37 0.01 0.9123 ns

5 1,38 13.44 0.0008 East >West

6 1,38 1.50 0.2281 ns

1 1,37 0.66 0.4225 ns

2 1,38 7.36 0.0100 West >East
H' Diversity (counts) 3 1,38 1.18 0.2850 ns

4 1,37 11.27 0.0018 West >East

5 1,38 0.03 0.8735 ns

6 1,38 20.65 0.0001 West >East

1 1,37 0.61 0.4388 ns

2 1,38 3.85 0.0572 ns
Evenness (cover) 3 1,38 2.20 0.1463 ns

4 1,37 0.53 0.4724 ns

5 1,38 18.46 0.0001 East >West

6 1,38 1.00 0.3232 ns

1 1,37 1.78 0.1903 ns

2 1,38 13.13 0.0008 West >East
Evenness (counts) 3 1,38 0.02 0.8945 ns

4 1,37 9.70 0.0035 West >East

5 1,38 0.32 0.5767 ns

6 1,38 24.20 0.0001 West >East

1 1,37 0.22 0.6392 ns

2 1,38 2.29 0.1388 ns
Percent Coral Cover 3 1,38 0.23 0.6325 ns

4 1,37 0.04 0.8471 ns

5 1,38 1.72 0.1980 ns

6 1,38 1.30 0.2612 ns
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Table 5-3. Comparisons between cruises (study sites separate) of species diversity, species
evenness, and percent coral cover. Kruskal-Wallis Tests compare Shannon-
Weaver diversity based on coral cover, Shannon-Weaver diversity based on
coral counts, evenness based on coral cover, evenness based on coral counts, and
percent coral cover. Kruskal-Wallis Test values (F), degrees of freedom (df), and
associated probability values (P-value) are presented. Tukey Multiple Range
Test groupings present cruises with means ranked from highest to lowest, and
those underlined together are not significantly different at a = 0.05 ("no groups"
indicates that the multiple range test was not able to distinguish groups).

Bank df F P-value " Tukey Groups
EFG 5,113 1.48 0.2018 ns
H' Diversity (cover) WFG 5113 5.00 0.0004 612453
H' Diversity (counts) EFG 5113 2.55 0.0316 13265486
WFG 5,113 2.83 0.0191 no groups
Evenness (cover) EFG 5,113 0.89 0.4903 ns
WFG 5,113 4.69 0.0006 612435
Evenness (counts) EFG 5113 1.47 0.2064 ns
WFG 5,113 381 0.0032 264135
Percent Coral Cover EFG 5,113 2.01 0.0830 ns
WFG 5,113 0.32 0.8994 ns

Percent Cover

Montastrea annularis i
Diploria strigosa [
Porites astreoides

Montastrea cavernosa g

Colpophyllia spp. E
Millepora spp. E
Agaricia spp. &8
Stephanocoenia michelini
Madracis decactis §
Siderastrea siderea §
Mussa angulosa
Scolymia cube ] Pl West Bank
colymia cubensis | B East Bank
Porites furcata | * Significantly different
Madracis mirabilis o = 0.05
Figure 5-1. Comparison of percent cover of corals between study sites on the East and West Flower
Garden Banks. (* indicates cover estimates which are significantly different between
banks at p<0.05).
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Table 5-4. Specific percent cover comparisons between cruises at the West Flower Garden
Bank. Kruskal-Wallis Test values (F), degrees of freedom (df), and associated
probability values (P-value) are presented. Tukey Multiple Range Test groupings
present cruises with means ranked from highest to lowest, and those underlined
together are not significantly different at o = 0.05.

Percent Cover

West Flower

Garden Bank

Species daf F P-value Tukey Groups
Agaricia sp. 5,111 1.72 0.1350 ns
Colpophyllia spp. 5,89 2.01 0.0845 ns
D. strigosa 5,112 1.52 0.1904 ns
M. decactis 5,49 2.16 0.0733 ns
M. mirabilis - - - -
Millepora sp. 5,106 1.25 0.2919 ns
M. annularis 5,113 1.47 0.2048 ns
M. cavernosa 5,95 0.27 0.9258 ns
M. angulosa 5,63 0.90 0.4856 ns
164253
P. astreoides 5,113 4.55 0.0008
P. furcata 1,1 0.00 1.000 ns
S. cubensis 5,66 1.55 0.1883 ns
S. siderea 5,16 1.26 0.3287 ns
S. michelini 5,81 0.57 0.7233 ns
Table 5-5. Specific percent cover comparisons between cruises at the East Flower Garden Bank.

Kruskal-Wallis Test values (F), degrees of freedom (df), and associated probability values
(P-value) are presented.

~ Percent Cover

East Flower

Garden Bank

Specles df F P-value Tukey Groups (Crulses)

Agaricia sp. 5113 1.15 0.3396 ns
Colpophyllia spp. 5,81 1.06 0.3912 ns
D. strigosa 5,112 027 0.9268 ns
M. decactis 5,67 0.95 0.4539 ns
M. mirabllts - - - -
Millepora sp. 5,108 0.33 0.8924 ns
M. annularis 5,113 1.66 0.1506 ns
M. cavernosa 5,90 1.80 0.1216 ns
M. angulosa 5,28 1.73 0.1598 ns
P. astreoldes 5,113 2.14 0.0660 ns
P. furcata 5,6 1.97 0.2169 ns
S. cubensis 5,46 1.37 0.2513 ns
S. siderea 5,15 0.36 0.8652 ns
S. michelint 5,86 0.29 0.9181 ns
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Significant differences in relative dominance between study sites were
observed for the same four species for which percent cover differences were
observed. Relative dominance of Diploria strigosa and Siderastrea siderea
was higher at the West Bank; relative dominance of Porites astreoides and
Agaricia spp. was higher at the East Bank (Figure 5-2). With three
exceptions, no significant differences were observed in relative dominance
of individual species between cruises at either site (Tables 5-6 and 5-7).
Relative dominance of Porites astreoides and Montastrea annularis varied
significantly on some cruises on the West Bank, as did Scolymia cubensis on
the East Bank. In each case, the haphazard groupings, broad overlap, and
lack of significant differences between cruises conducted early and late in
the study suggest no significant temporal trends.

Relative Dominance
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Montastrea annularis i
Diploria strigosa [

Porites astreoides |

Monlastrea cavernosa

Colpophyliia spp.
Millepora spp.

Agaricia spp. &

Stephanocoenia michelini

Madracis decactis g

Siderastrea siderea B

Mussa angulosa

F1 West Bank
B East Bank

* Significantly different
Madracis mirabilis o =0.05

Scolymia cubensis

Porites furcata

Figure 5-2. Comparison of relative dominance of corals between study sites on the East and
West Flower Garden Banks. (* indicates relative dominance estimates which are
significantly different between banks at p<0.05).
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Table 5-6. Specific relative dominance comparisons between cruises at the West Flower
Garden Bank. Kruskal-Wallis Test values (F), degrees of freedom (df), and
associated probability values (P-value) are presented. Tukey Multiple Range
Test groupings present cruises with means ranked from highest to lowest, and
those underlined together are not significantly different at a = 0.05.

Relative Dominance
West Flower
Garden Bank
Species af F P-value Tukey Groups
Agaricia spp. 5,111 1.50 0.1965 ns
Colpophyllia spp. 5,89 1.94 0.0954 ns
D. strigosa 5112 1.36 0.2462 ns
M. decactis 5,49 1.89 0.1124 ns
M. mirabilis - - - -
Millepora sp. 5,106 1.28 0.2785 ns
M. annularis 5,113 3.32 0.0077 534216
M. cavernosa 5,95 0.37 0.8668 ns
M. angulosa 5,53 0.98 0.4364 ns
P. astreoides 5,113 3.53 0.0053 164253
P. furcata 1,1 3.00 0.3333 ns
S. cubensis 5,56 1.36 0.2547 ns
S. siderea 5,16 1.02 0.4410 ns
S. michelini 5,81 0.46 0.8039 ns
Table 5-7. Specific relative dominance comparisons between cruises at the East Flower

Garden Bank. Kruskal-Wallis Test values (F), degrees of freedom (df), and
associated probability values (P-value) are presented. Tukey Multiple Range
Test groupings present cruises with means ranked from highest to lowest, and
those underlined together are not significantly different at o = 0.05.

Relative Dominanace
East Flower
Garden Bank
Species daf F P-value Tukey Groups

Agaricia spp. 5,113 1.33 0.2574 ns
Colpophyllia spp. 5,81 0.64 0.6720 ns
D. strigosa 5,112 0.66 0.6552 ns
M. decactis 5,67 0.91 0.4822 ns
M. mirabilis - - - -
Millepora sp. 5,108 0.59 0.7057 ns
M. annularis 5113 1.04 0.3978 ns
M. cavernosa 5,90 2.21 0.0602 ns
M. angulosa 5,28 2.21 0.0813 ns
P. astreoides 5,113 2.12 0.0683 ns
P, furcata 5,6 1.53 0.3065 ns
S. cubensis 5,46 3.29 0.0128 213564
S. siderea 5,15 0.34 0.8834 ns
S. michelini 5,86 0.40 0.8473 ns

5-7



5.1.1.2 Species Diversity and Evenness

Species diversity and evenness based on coral counts (standard
Shannon-Weaver species diversity; Figure 5-3) were significantly higher at
the WFG study site (cruises pooled; Table 5-1), and on three of six project
cruises (Table 5-2). Species diversity and evenness based on coral cover
(Figure 5-4) showed the opposite pattern, being significantly higher at the
EFG study site in general (Table 5-1), but on only one of six cruises (Table 5-
2). The contrasting data are a result of the fact that coral population levels
differed significantly between sites (114.8 per transect, or 24 m-2, at the
EFG [S.E.=2.93] vs. 84.6 per transect, or 18 m-2 at the WFG [S.E.=2.18];
F=71.17, p<0.0001), and the fact that mean colony area (size) of Siderastrea
siderea (the largest of all species) and Porites astreoides (the most abundant
of all species) varied significantly between sites (Figure 5-5). Nevertheless,
results were consistent within indices, and future monitoring efforts require
clearly stating whether diversity indices are based on colony counts or
percent cover.

Differences between cruises for diversity and evenness based on coral
counts and on coral cover were observed for both banks (Table 5-3). Like
coral cover and relative dominance, however, broad overlap of Tukey groups
and the lack of distinction between early and late project cruises suggest no
temporal trends.

Diversity Indices

H' Diversity

—&— East Bank
West Bank
—@— East Bank

West Bank
I Std. Dev.

-
(-

4?

Index Values
o

(based on counts)

-
o
A

Evenness

W

°©
®
i

0.6

Fall/ ~ Spring/ Fall / Spring / Fall/ Spring /
Winter Summer Winter Summer Winter Summer
1989 1990 1991

Figure 5-3.  Shannon-Weaver Diversity and Evenness between 1989 and 1991 at the East and
West Flower Garden Banks. Diversity and evenness calculations were based on
coral colony counts.
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Diversity Indices
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H’ Diversity
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> C 1.0- East Bank
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] Evenness
] W
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Figure 5-4. Shannon-Weaver Diversity and Evenness between 1989 and 1991 at the East and
West Flower Garden Banks. Diversity and evenness calculations were based on

coral species cover.

Mean Colony Size (sq. cm)
0 250 500 750 1000 1250 1500
r 1 i 1 A 1 A L 1 A L

i

*

i

Siderastrea siderea
Colpophyliia spp.
Montastrea annularis
Diploriastrigosa

Monltastrea cavernosa pigfeirtntzintrict:
Millepora spp. ¥
Stephanocoenia michelini
Madracis decactis
Mussa angulosa
Macracis mirabilis |

Porites astreoides ¥
F] West Bank
Porites furcata § @ East Bank
Agaricia spp. *  Significantly different
Scolymia cubensis a =005

Figure 5-5. Comparison of mean colony size (colony area measured on down-looking
photographs) for coral species on the East and West Flower Garden Banks. (*
indicates size estimates which are significantly different between banks at

p<0.05).
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5.1.2 Historic Data

Data reported by Viada (1980) were used by Kraemer (1982) for a
comparison of coral populations on reefs at the East and West Flower Garden
Banks. Later, these data were summarized by Bright et al. (1984) and CSA
(1985). Kraemer's data set was the most detailed of the four and therefore
was used for comparison to data acquired in this study. Data collected from
1978-1982 reported cover of 50.4% (45.1<u<55.7) and 55.2%
(23.8<u<86.5) for the EFG and WFG, respectively, but used a different
method of analysis (line-intercept method rather than planimetry).
Nevertheless, confidence intervals overlapped cover estimates acquired in
this study (46.0% on the EFG and 46.5% on the WFG). Cover for individual
species reported by Kraemer were close to those found in this study. Banks
combined, cover for every species was within three percent. For each bank,
data are presented in Figures 5-6 and 5-7. The higher variation within
species is largely attributable to the smaller number of transects analyzed by
Viada (1980) and Kraemer (1982); their data came from 18 WFG transects
and 23 EFG transects, while in the present study, 238 transects were
analyzed, 119 from each bank). Nevertheless, cover estimates from this
study were within confidence limits reported from earlier studies for all
species.

Relative dominance data are compared in Figures 5-8 and 5-9.
Significant differences were observed only for Porites astreoides and
Colpophyllia spp. between 1978-1982 data and the present study. P.
astreoides had lower relative dominance in 1978-1982 samples.
Colpophyllia spp. had higher relative dominance.

Kraemer (1982) based diversity and evenness estimates on coral cover
(cover was estimated using the line-intercept method). Confidence intervals
for diversity and evenness reported by Kraemer were quite wide compared
to those in the present study (due to smaller sample size), and estimates
from both banks overlapped those found here.
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Figure 5-6.

Comparison of percent cover of coral species at the West Flower Garden Bank
between the 1978-1982 and 1988-1991 time periods. Earlier data were taken
from Viada (1980) and Kraemer (1982).
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Figure 5-7.

from Viada (1980) and Kraemer (1982).
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between the 1978-1982 and 1988-1991 time periods. Earlier data were taken



Figure 5-8.

Figure 5-9.

Stephanocoenia michelini i

West Flower Garden Bank

Relative Dominance
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Comparison of relative dominance of coral species at the West Flower Garden
Bank between the 1978-1982 and 1988-1991 time periods. Earlier data were
taken from Viada (1980) and Kraemer (1982).
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Comparison of relative dominance of coral species at the East Flower Garden
Bank between the 1978-1982 and 1988-1991 time periods. Earlier data were
taken from Viada (1980) and Kraemer (1982). (* indicates estimates which are
significantly different between time periods at p<0.05).
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5.2 Accretionary Growth
5.2.1 Growth Spikes

Data from 26 of 30 stations at the WFG and 23 of 30 stations at the
EFG were used to calculate accretionary growth (Table 5-8). Data were not
used from sample periods when stations had loose growth spikes (Appendix
B).

Table 5-8. Accretionary growth measured from growth spikes installed on 30 Montastrea
annularis colonies on each of the West (WFG) and East (EFG) Flower Garden

Banks.
Mean Range Mean
Bank Growth (mm/yr) N Standard Sample
(mm/yr) Dev. Period
=
WFG 6 3-11 26 2.3 663 days
EFG 7 4-13 23 2.4 616 days

Accretionary growth rates for individual time intervals are given in
Figure 5-10. Rates averaged 3 mm for six month periods (7 mm/yr). No
seasonal or site differences, or trends were detected.

5.2.2 Sclerochronology

The 1910 to 1989 accretionary growth record of four cores from the
Flower Garden Banks is given in Appendix B.

The annual accretionary growth rate from 1910 to 1989 was 6.6 =+ 0.1
mm/yr (Figure 5-11). Mean growth estimates of the four cores ranged from
5.0 to 8.0 mm/year; individual annual estimates ranged from 3.7 to 10.0
mm/year. The mean growth rate measured using sclerochronology was
close to the 1989-1991 estimate obtained using accretionary growth spikes
(6.8 mm/yr; Table 5-8).
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Figure 5-10. Accretionary growth (mm/6 months) of Montastrea annularis colonies from
1989 to 1991 at the East and West Flower Garden Banks. Growth was estimated
by semi-annual measurement of stainless steel spikes implanted in the tops of
thirty Montastrea annularis colonies in each study site.
Accretionary Growth at the Flower Gardens
(Based on Four Core Samples)
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Figure 5-11. Accretionary growth (mm/year) of four Montastrea annularis colonies

estimated from 1910 to 1989 at the Flower Garden Banks. Growth was estimated
from annual band areas measured on X-radiographs of sections from 10 cm
diameter cores. Mean of all estimates was 6.56 mm/yr.

5-14



An interesting feature shown in Figure 5-11 is the unexplained, yet
distinctive decrease in growth rates and concurrent increase in variability of
growth rates between years in the period between 1957 and 1980. Growth
prior to 1957 was more tightly distributed around the mean. This trend was
observed within each of the data sets (Appendix B) and was observed in 12
cores studied by Hudson and Robbin (1980). Following 1980, mean values
for each year remained close to overall mean growth values.

5.3 Encrusting Growth

In the past year, it has been proposed that the species Montastrea
annularis, one of the two species used to monitor encrusting growth in this
study, is actually a complex of three species (Knowlton et al., 1992; Weil and
Knowlton, in prep.). All three of the proposed species (M. annularis, M.
cascata, and M. inaequalis) occur at the Flower Gardens, have distinctive
morphologies, and have been classified as M. annularis exclusively. Of the
three, encrusting growth stations are established on "M. cascata" and "M.
inaequalis". If these are distinct species, it is likely that their encrusting
growth rates will vary to some extent, particularly since competitive
heirarchies have been demonstrated (Weil and Knowlton, in prep.).

If the above is true, growth rate data would be compromised by using
information pooled for "M. cascata" and "M. inaequalis". The majority of
stations established in the monitoring study were on "M. cascata”, the
generally smooth growth form of the M. annularis group. None were
established on "M. annularis”, the knobby form. Nevertheless, station data
were reanalyzed after determination of their proposed new species. No
significant differences were detected in net growth rates, advance rates, or
retreat rates of M. cascata and M. inaequalis (Table 5-9). All Montastrea
results, therefore, are from pooled information and refer to the species as
M. annularis, as has been the case in previous studies. It should be
understood, however, that the rates presented may largely represent a
species that may soon be referred to as M. cascata.
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Table 5-9. Kruskal-Wallis Test results comparing net growth rates, advance rates, and
retreat rates (cm/6 months) of the two morphotypes Montastrea cascata and M.
inaequalis at the East and West Flower Garden Banks. Study sites and cruises
were combined for analysis. Test values (F), degrees of freedom (df), and
associated probability values (P-value) are presented.

Montastrea cascata
M. im::t.;ualis
daf F P-value Results
Net Growth Rate 1,324 0.05 0.8274 ns
Advance Rate 1,306 0.34 0.5587 ns
Retreat Rate 1,214 0.45 0.5011 ns

5.3.1 Net Growth Rates

Net growth rates (average rate of change of areas observed to advance
or retreat) of Montastrea annularis and Diploria strigosa at the Flower
Gardens were positive for nearly all semi-annual periods from 1989 through
1991 (Figure 5-12; Appendix C). For D. strigosa, net growth averaged 0.10
cm/6 months. For M. annularis, the rate was 0.15 cm/6 months. During the
period between Cruises 4 and 5 (fall of 1990 and through the following
winter), both species exhibited virtually zero net growth, though high
variability at this time resulted in no significant differences between time
periods. Following this, net growth of D. strigosa was relatively high, and
that of M. annularis was the highest of all periods (significantly higher than
all but spring/summer 1990).

Comparisons of net growth of each species by bank (Figure 5-13;
Appendix C) indicated that D. strigosa rates were higher on the EFG than on
the WFG. Comparison between cruises indicated that M. annularis on the
WFG had higher growth rates in the last period than all periods except
spring/summer 1990.
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Figure 5-12. Net lateral growth rates of Diploria strigosa and Montastrea annularis from
1989 to 1991 at the Flower Garden Banks. Data from both banks were combined
for each period.
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Figure 5-13. Net lateral growth rates of Diploria strigosa and Montastrea annularis from
1989 to 1991 at the East and West Flower Garden Banks.
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5.3.2 Advance and Retreat Rates

Encrusting growth data are generally more revealing when advance
and retreat rates are analyzed separately. Figures 5-14 and 5-15 show
advance and retreat rates for M. annularis and D. strigosa, respectively, on
both banks. Note first that standard errors are much higher for retreat of
either species than for advance. This is simply because corals can die
(retreat) much faster than they grow (advance), since disease and other
factors causing mortality are capable of destroying tissue at a rapid rate.
Growth, on the other hand, occurs at a comparatively constant rate, hence
reduced variability.

Despite differences in the magnitudes of standard error for advance
and retreat, the average rates of advance and retreat for either species were
not significantly different (0.38 cm/6 months vs. -0.43 for M. annularis; 0.42
vs. -0.40 for D. strigosa). However, the advance rate of D. strigosa was higher
at the EFG than the WFG, and the retreat rate of M. annularis was higher at
the WFG than the EFG (Table 5-10). The WFG advance rates of M. annularis
were similar during most cruises (Table 5-11). The advance rate of D.
strigosa was significantly different between cruises on both banks though
groups were not discernable (i.e., though analysis of variance indicated
significant differences between cruises, multiple range test did not discern
cruise groupings). Rates on both banks were highest in the fall/winter
season between 1990 and 1991 (Figure 5-15). Interestingly, this was the
season with the lowest net growth rate (and the only one with average rates
below zero; Figure 5-12). Due to high variability, differences in retreat rates
between cruises were not discernable.

Table 5-10.  Advance and retreat rates of D. strigosa and M. annularis between study sites,
cruises combined. Kruskal-Wallis Test values (F), degrees of freedom (df), and
associated probability values (P-value) are presented.

Cruises Combined Species daf F P-value Results
Advance D. strigosa 1,365 13.13 0.0003 East > West
M. annularis 1,306 2.12 0.1468 ns
Retreat D. strigosa 1,271 0.10 0.7512 ns
M. annularis 1,214 4.37 0.0377 West > East
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Figure 5-14.

Figure 5-15.
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Advance and retreat rates of Montastrea annularis from 1989 to 1991 at the East
and West Flower Garden Banks. Note high standard errors for retreat rates
relative to those of advance rates.
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Advance and retreat rates of Diploria strigosa from 1989 to 1991 at the East and
West Flower Garden Banks. Note high standard errors for retreat rates relative
to those of advance rates.
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Table 5-11. Advance of D. strigosa and M. annularis at the East and West Flower Garden
Banks. Kruskal-Wallis Test values (F), degrees of freedom (df), and associated
probability values (P-value) are presented. Tukey Multiple Range Test groupings
present cruises with means ranked from highest to lowest and those underlined
together are not significantly different at a = 0.05.

Advance Species df F P-value Tukey Groups
EFG D. strigosa 4,183 2.71 0.0315 no groups
WFG D. strigosa 4,174 2.48 0.0460 no groups
EFG M. annularis 4,131 2.37 0.0558 ns
WFG M. annularis 4,167 5.96 0.0002 64523

Kraemer (1982) measured lateral growth and retreat rates of corals at
the Flower Gardens using methods similar to those used here. Though
significantly fewer samples were analyzed, he analyzed both M. annularis
(n=13) and D. strigosa (n=3). Growth rates of M. annularis averaged 0.20
cm/6 months (0.02<u<0.37), not significantly different from the 0.38 cm/6
months measured here (95% confidence intervals overlapped). Retreat
rates for M. annularis averaged 0.12 cm/6 months (0<u<0.26), somewhat
lower, but not significantly different than the rate determined in this study
(0.43 cm/6 months).

For D. strigosa, Kraemer (1982) found advance rates averaging 0.28
cm/6 months (0.19<u<0.37), and retreat rates averaging 0.34 cm/6 months
(0<u<0.69 cm/6 months), neither of which was significantly different than
rates determined in this study (0.42 and -0.40).

5.3.3 Retreat to Advance Ratios

Though rates of advance and retreat are informative, of principal
importance to the long-term maintenance of a species is the avoidance of
net tissue loss. Net tissue gain, on the other hand, not only suggests
favorable conditions of growth for a species, but may imply competitive
dominance. The amount of tissue added vs. the amount lost between cruises
was therefore calculated for both M. annularis and D. strigosa. Figure 5-16
shows the ratios of tissue lost to tissue gained (Retreat to Advance Ratio)
between cruises for each species. Values above 1.0 indicate net tissue loss;
those below one indicate net tissue gain. With the exception of the
fall/winter season between 1990 and 1991, all values were below one. Thus,
significantly more tissue was gained than lost on growth stations for both
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Figure 5-16. Retreat to advance ratios (total tissue lost divided by total tissue gained) of
Diploria strigosa and Montastrea annularis from 1989 to 1991 at the Flower
Garden Banks. Data from both banks were combined for each period. Dotted
line indicates ratio of one, where net tissue change between sample periods is
zero.

species. The most substantial tissue loss in the fall/winter period between
1990 and 1991 occurred for D. strigosa at the EFG and for M. annularis at
the WFG (Figure 5-17), the same groups with net growth rates below zero
during the period (Figure 5-13).

Overall, the ratio of retreat to advance for D. strigosa was 0.65. Thus,
for every square centimeter of tissue that died, approximately 1.5 cm2 grew.
For M. annularis, the ratio was 0.55; for every square centimeter lost,
approximately 1.8 cm? grew.

5.3.4 Marginal Stability

Ternary plots can be produced which depict the "condition" of coral
margins at growth stations. These compare the relative amounts of
advancing, retreating, and stable margins without regard to the rates of
change along the margins. With the exception of D. strigosa on Cruise 5,
combined data for each species indicated consistently high proportions of
marginal growth (Figure 5-18). That is, considerably greater than 50% of all
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Figure 5-17. Retreat to advance ratios of Diploria strigosa and Montastrea annularis from
1989 to 1991 at the East and West Flower Garden Banks.

(a) (b)
Growth Growth

48
3
50% 50%
5
Retreat so% Stable Retreat so% Stable
Flower Garden Banks Flower Garden Banks
Montastrea annularis Diploria strigosa

Figure 5-18. Ternary diagrams showing the proportions of growing, retreating, and stable
coral margins of Montastrea annularis (a) and Diploria strigosa (b) at the
Flower Garden Banks. Numbers indicate cruise numbers (Table 3.1) and denote
seasonal time frames as follows: 2 = spring/summer 1989; 3 = following
fall/winter; 4 = spring summer 1990; 5 = following fall/winter; 6 =
spring/summer 1991.
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the marginal length analyzed was advancing. Much shorter lengths were
retreating or remaining stable between cruises.

The proportion of advancing margin length of M. annularis (Figure 5-
19) was 48-83% on both banks for all periods. In the fall/winter 1990-1991
period, when there was a net tissue loss for M. annularis on the WFG (Cruise
5; Figure 5-17), the advancing margin length was 48% of the total length.
Tissue loss during this period can be attributed to high retreat rates at the
WFG (Table 5-10), and possibly to an increased proportion of retreating
margin length (32%), but not to reduced advance rates (Figure 5-14).

Growth Growth

(a) (b)

3
Retreat so% Stable Retreat o Stable
West Flower Garden Bank East Filower Garden Bank
Montastrea annularis Montastrea annularis
Growth Growth

(c) (d) s
2 6 264
4
50% 50% 50% 50%
/\7\ /\/\
Retreat sox Stable Retreat sox Stable
West Flower Garden Bank East Flower Garden Bank
Diploria strigosa Diploria strigosa

Figure 5-19. Ternary diagrams showing the proportion of growing, retreating, and stable
coral margins of Montastrea annularis at the West (a) and East (b) Flower
Garden Banks and Diploria strigosa at the West (c) and East (d) Banks. Numbers
indicate cruise numbers, as described in Figure 5-18.
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The proportion of advancing margin length of D. strigosa was low on
both banks during fall/winter 1990-1991 (Cruise 5; Figure 5-19), averaging
37%. On both banks, there was a net tissue loss during the period, even
though advance rates were the highest of all periods for D. strigosa (Figure
5-15). Thus, tissue loss in this case can be attributed to low relative
proportions of advancing margin length, and possibly increased retreat
rates, particularly at the EFG (Figure 5-15), but not reduced advance rates.

5.4 Repetitive Quadrats

A total of 4,160 colonies were individually analyzed at 80 stations on
the East and West Flower Garden Banks. Coral cover averaged 48.5%
overall; 46.5% at stations on the WFG (range of 23-76%) and 50.5% on the
EFG (range of 14-85%). Apparent coral populations averaged 6.5 colonies
m-2. This, however, underestimates actual populations, since it is the
number of corals large enough to detect on large-scale photographs. The
number probably represents about 30% of all colonies present, based on
random transect data presented in Section 5.1.1.2, which suggest about 21
corals m-2. It is evident that the undetected colonies, which represent a
majority of colonies present on the reefs, account for very little coral cover.

Coral growth was clearly identifiable at repetitive stations, but was
difficult to quantify because areas of growth were small relative to the large
scale of the photographs (4,566 occurrences at all stations; Table 5-12).

Table 5-12.  Observations of growth, retreat, coral bleaching, and disease at repetitively
photographed 8 m? quadrats. Data are from both banks, and all cruises were
combined. Data are in number of observations without regard to the sizes of
areas affected. "New disease" occurrence is the number of colonies infected since
the previous sampling period. "Pre-existing disease” occurrence is the number of
colonies infected at least six months prior to a given sampling period. Mortality
from each type of disease is the number of colonies exhibiting mortality within
six months of the observation. Eventual mortality is tissue loss occurring after
the first six months, but prior to the end of the study period.

ahange Cause Occurrence ] Mortality [ Notes I
Growth - -
unknown cause 2526 2526 generally minor
algae mediated 20 20
Retreat, algae/sediment 18 18
Bleaching, new disease 67 17 eventual mortality - 46
and Disease | pre-existing disease 83 62
bleaching 194 14 temp>30°C
TOTAL 2908 2657
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Coral mortality was also clearly identifiable, particularly when acute
(severe). Mortality from all causes, while frequent (2,657 occurrences,
2,578 excluding disease; Table 5-12), usually occurred on a very limited
scale (commonly several cm2 on a colony between cruises). Although the
cause for most minor tissue loss could not be determined, there were
several cases of evidence suggesting aggression between different species
(e.g., Lang, 1973), resulting in limited but consistent loss. Algae, and
algae/sediment mat mediated retreat (Abbott, 1979; Gittings, 1988) were
also factors suspected of causing marginal retreat, but were seldom
indentifiable as conclusive causes.

Nearly all extensive mortality appeared to result from "ridge-mortality”
(Abbott, 1979) or unidentified diseases (no black band or white band disease
has been identified at the Flower Gardens). Figure 5-20 illustrates the
effects of disease on corals during the period of the study. Of a total of 67
"newly" diseased colonies (i.e., disease was not detectable in previous station
photograph) observed and monitored during the study, 69% eventually
exhibited mortality, most with comparatively large-scale tissue loss. Yet,
infection did not always cause tissue loss and 31% of colonies apparently
recovered. Futhermore, in only 26% of cases (17 of 67 colonies) was
mortality evident within six months of the apparent onset of disease. On the
other hand, 75% of colonies with pre-existing disease (i.e., onset at least six
months prior to sample; 62 of 83 cases) exhibited mortality over the
following six months. Though infections were most frequently observed on
both banks following fall and winter seasons (Figure 5-21), it is unlikely that
this represents significant seasonal variation in infection, particularly since
"new" infections (i.e., first observations; Figure 5-20) did not show this
pattern. Seasonal patterns of mortality were not evident on either bank
(Figure 5-21). Diseased corals at the EFG suffered a higher mortality rate
(85%) than those at the WFG (58%), though the number of observations is
undoubtedly too few to generalize (see Tables 5-13 and 5-14).

Coral recruitment was not observed at repetitive stations during the
period of this study. It is likely that juvenile corals require several years (5
to 10, depending on the species; e.g., Szmant-Froelich, 1985} of growth
before being identifiable at the scale used in repetitive quadrat photos.
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Figure 5-20.

Figure 5-21.

Coral Diseases
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Winter Summer Winter Summer
1990 1991

Numbers of colonies in 8 m? repetitive quadrats with "new” infection (i.e., first
observation) during each sample period (as determined in photographs taken at
the end of that period), and the number of these colonies exhibiting eventual
tissue mortality. Data from both banks were combined.

EFG and WFG Disease
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Numbers of colonies in 8 m2 repetitive quadrats at the East and West Flower
Garden Banks with disease (not necessarily "new" infection) during each sample
period, and the number of colonies exhibiting tissue mortality since the
previous sampling.
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Table 5-13. Observations of growth, retreat, coral bleaching, and disease at repetitively
photographed 8 m? quadrats at the West Flower Garden Bank. Data were
combined for all cruises, and are in number of observations without regard to
the sizes of areas affected. Disease terminology defined in Table 5-12.

Change | Cause Occurrence Mortality Notes
Growth - 2691 -
unknown cause 1640 1640 generally minor
algae mediated 5 5
Retreat, algae/sediment 0 0
Bleaching, new disease 40 11 eventual mortality - 23
and Disease | pre-existing disease 39 28
bleaching 51 4 temp>30°C
TOTAL 1775 1688

Table 5-14. Observations of growth, retreat, coral bleaching, and disease at repetitively
photographed 8 m?2 quadrats at the East Flower Garden Bank. Data were
combined for all cruises, and are in number of observations without regard to
the sizes of areas affected. Disease terminology defined in Table 5-12.

Change | Cause Occurrence Mortality Notes
Growth - 1875 -
unknown cause 886 886 generally minor
algae mediated 15 15
Retreat, algae/sediment 18 18
Bleaching, new disease 27 6 eventual mortality - 23
and Disease | pre-existing disease 44 34
bleaching 143 10 temp>30°C
TOTAL 1133 969
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Repetitive photography was useful in examining the extent of coral
bleaching and the fate of bleached colonies. Bleaching occurred during all
summer periods following temperature maxima. Species most affected by
the phenomenon were Millepora alcicornis and Montastrea cavernosa, and
bleached Diploria strigosa, M. annularis, Porites astreoides and Agaricia spp.
were observed to a much lesser extent. Other species did not appear to
bleach. Though clearly evident to the eye due to the vivid white coloration
and the number of colonies exhibiting the white color, the coral cover
affected by bleaching was generally minor (ranging from 0.2% to 2.4% cover;
Figure 5-22). Though bleached coral cover was similar between banks in
1989 (0.3% WFG vs 0.4% EFG), there were substantial differences between
banks in 1990 and 1991. Bleached cover at the EFG (2.4%) was nearly
twice that of the WFG (1.4%) in 1990 (the most significant bleaching event),
and was over six times higher than the WFG (1.3% vs 0.2%) in 1991.
Furthermore, in all summer samples, and overall, the EFG contained more
bleached colonies (Tables 5-13 and 5-14; Appendix D), and higher bleached
cover.

Only 7% (14 of 194; Table 5-12) of coral colonies observed to bleach
showed any evidence of mortality (7.8% of colonies on the WFG and 7.0% on
the EFG). Those that were affected usually exhibited minor tissue loss. Only
one small colony out of 194 bleached colonies died entirely. Interestingly,
"paling" (pale color that may be due to partial loss of zooxanthellae; not
counted in bleaching data in this study) or bleaching often recurred in the
same colonies and in the same pattern within colonies every summer.
Mortality was no higher in colonies that underwent recurrent paling or
bleaching than in other colonies.
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Figure 5-22. Numbers of colonies in 8 m?2 repetitive quadrats at the East and West Flower
Garden Banks exhibiting tissue bleaching, and the number exhibiting tissue
mortality in areas of bleaching. Values at top of each bar indicate percent coral
cover bleached.

5.5 Ancillary Measurements

5.5.1 Dissolved Oxygen, Salinity, Temperature and Light

Ancillary data are presented in Appendix E. Oxygen concentrations
ranged from 4.940 ml/1 (1 m depth, WFG in April 1989) to 7.775 ml/1 (21
m, EFG in December 1988). Salinity ranged from 33.459 at the surface of a
strongly stratified water column at the WFG in June 1989 to 36.593 at 25 m
at the WFG in August 1991. Most salinity measurements were near or above
36. The lowest bottom water salinity (actually one meter above the reef) was
35.909 (20 m, EFG in October 1990).

Light intensity on the bottom at the EFG averaged 19.1% of surface
(in-air) intensity (S.D.=5.39). Average depth at which light measurements
were taken was 20.0 m. At the WFG, intensity on the bottom averaged
13.1% of surface intensity (S.D.=3.84). Depth of measurements at the WFG
averaged 22.2 m. Values ranged from a low of 7.4% of surface illumination at
the WFG in April 1990 at the WFG to 26.7% at 20 m at the EFG in August
1991.
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Discrete temperature measurements (i.e., taken during cruise dates
only, and not thermograph data) are also presented in Appendix E. The
coldest surface water observed during the cruises was 21.1°C (1 m, EFG in
February 1989). The coldest bottom water (one meter above the reef) was
20.9°C (24 m, EFG in March 1991). The warmest surface water was 29.8°C
(1 m, EFG in September 1991). The warmest bottom water was 29.5°C (19
m, EFG in August 1990).

During 1990, the first significant coral bleaching event reported at the
Flower Garden Banks occurred. The event was reported by sport divers and
appeared to coincide with unusually high water temperature. Because
concurrent bottom temperature data were not being collected at that time,
an analysis of sea surface temperatures for the period was conducted. Data
were collected from interpretations of AVHRR satellite information to obtain
surface temperature on a weekly basis between 1979 and 1990. Analysis
indicated unusually high temperatures in 1990. Plotted against an 11-year
mean and range (1979-1989; Figure 5-23), temperatures in 1990 were
higher than the 11-year mean for 42 of 52 weeks. Furthermore, they were
at or above maximum values observed between 1979 and 1989 for 29 of 52
weeks, or over half the year. Most of these excursions occurred during the
second half of the year. No years between 1979 and 1989 exhibited such
prolonged excursions (Appendix E; Figure E-1).

Ryan TempMentor thermographs were installed on the banks in
August of 1990, after isolated occurrences of coral bleaching were reported.
Thereafter, bottom temperature (at the reef surface) was recorded every two
hours (Figures 5-24 and 5-25; the thermograph at the EFG was lost between
August and October 1990, and was replaced in March 1991). The lowest
bottom temperature observed since installation was 19.40°C, at 24 m at the
WFG in March 1991. The highest temperature, 30.5°C, occurred at the EFG
at 20 m in mid-August 1991, during a coral bleaching event.
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Figure 5-23. Satellite-derived sea surface temperature during 1990 (rectangles) compared to
an 11-year mean (dashed line) based on 1979-1989 data. Also given is the range
of values between 1979 and 1989 (solid lines indicate maxima and minima).

5.5.2 Barium

INAA data were acquired from 16 annual growth bands from one WFG
Montastrea annularis core (replicate samples were analyzed from two annual
bands). Radiation counts after INAA were been done for barium (Ba) and
calcium (Ca). Measures of Ba/Ca molar ratios in corals at the West Flower
Gardens and in the Florida Straits (data from Shen and Boyle 1988) are
presented in Figure 5-26.

Ba/Ca molar ratios at the Flower Gardens were generally higher than
those from the Florida Straits. No significant temporal trends were found
based on these preliminary data. However, 1985 and 1989 replicates
showed consistently higher ratios than those prior to 1970, as did all post-
1970 samples. This coincides with a significant increase in drilling activity
on the outer continental shelf in the vicinity of the Flower Garden Banks
(Figure 5-27). More recent findings using more sophisicated analysis
techniques (directly coupled plasma atomic emission spectrometry) and
more samples, however, suggest that no correlation exists between the two
data sets (Deslarzes, in prep.).
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Figure 5-24. Thermograph data showing water temperature every two hours at

24 m depth on the West Flower Garden Bank between 7 August 1990
and 28 August 1991.
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Figure 5-25. Thermograph data showing water temperature every two hours at
20 m depth on the East Flower Garden Bank between 24 March and
30 August 1991.
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93°W and 94°W (Minerals Management Service, 1989).
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5.6 Video Transects

All transects were obtained on each of six cruises (Table 5-15),
resulting in 24 transects, 130 min, 9 sec of recording time, and a total area

of 8,400 m2.

Table 5-15. Dates and duration of video transects.

EFG North EFG East WFG South WFG West

Cruise 1 17 April 1989 17 April 1989 20 April 1989 20 April 1989
min:sec 5:12 6:17 5:22 4:43
Cruise 2 11 October 1989 11 October 1989 | 23 October 1989 | 24 October 1989
min:sec 4:29 4:58 5:31 4:55
Cruise 3 25 April 1990 25 April 1990 24 April 1990 24 April 1990
min:sec 5:58 5:15 6:31 5:56
Cruise 4 31 October 1990 31 October 1990 | 30 October 1990 | 30 October 1990
min:sec 5:49 5:16 5:51 4:41
Cruise 5 26 March 1991 26 March 1991 24 March 1991 24 March 1991
min:sec 5.07 5:14 6:12 4:55
Cruise 6 1 September 1991 | 1 September 1991 | 31 August 1991 31 August 1991
min:sec 5:12 5:16 6:57 5:32

5.6.1 Transect Habitat Descriptions

All four transects were located in apparently healthy portions of the
upper coral reef habitat on the banks and ranged in depth from
approximately 20 m to 27 m. There was very little sand and few sand flats
in any transects. The two East Flower Garden Bank transects (north and
east lines) did not have any sand within the 350 m?2 transect areas. The
south transect on the West Flower Garden Bank included the largest sand
area, 14.6 m2, or 4.2% of the total transect area. The west transect line on
the West Bank had only 2 m?2 of sand, or 0.6% of the transect. The size and
shape of sand patches remained virtually identical throughout the study.
There were, however, variations in the appearance of the sand patches
between cruises. The patterns of rubble laying on the sand, as well as algae
growth, changed over time and there were indications that the depth of
portions of the sand patches changed slightly between cruises.

Reliable measurements of percent live coral cover were not possible
for entire transects due to the lack of sufficient video resolution. A
reasonable estimate of average live coral cover would be around 50%, or
similar to that obtained using still photographic techniques (McGrail et al.,
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1982; Bright et al.,, 1985; data in this study). However, some portions of
transects, particularly on the southern half of the east line at the EFG,
contained 80-100% live cover.

5.6.2 Changes in Coral Community Condition
5.6.2.1 Mortality

In general, there was a lack of significant visible change in coral
community condition and composition through the study period. In all but a
few cases there were no observed differences in cover of live tissue on
repetitively videotaped colonies. Only three observations were recorded
where small patches of coral suffered mortality. In no cases were tissue loss
areas larger than 0.05 mZ2.

Shortly before Cruise 4, a relatively large patch of algae on a coral head
on the WFG west transect was consumed by parrotfish, leaving behind a
bright white patch of dead coral skeleton approximately 1 m2 in size. This
patch was on an area of dead coral substrate, but similar parrotfish activities
were observed on live corals on other occasions outside the video transects.

5.6.2.2 Bleaching

Three cruises, 2, 4 and 6 occurred during or shortly after summer
temperature maxima. During these periods, coral bleaching was observed by
divers and recorded in still photographic data. Definitive observations of
coral bleaching on video transects were made only during Cruise 4 (on all
transects) and only a single observation was made during Cruise 6. No
obvious bleaching was observed on Cruise 2, the remaining summer cruise.

As described in Section 4.6, only complete bleaching could be
distinguished on video transects. The single Cruise 6 observation was of a
bleached fire coral (Millepora sp.) measuring 5.8 m2 on the WFG west
transect. This area represented 1.7% of the transect. During Cruise 4 (29
October - 1 November 1990) all four transects exhibited areas of complete
bleaching. Table 5-16 summarizes bleached coral areas observed during
Cruise 4.
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Table 5-16.  Total bleached area (m2) observed on video transects during Cruise 4 (29 October
to 1 November 1990) and percent of transect affected.

WFG South WFG West EFG North EFG East
Total Bleached
Area 0.74 0.96 4.12 1.37
Percent of
Transect 0.2 0.3 1.2 0.4

The total Cruise 4 bleached area was 2.1 m2, or 0.53% of the
transected area. This likely underestimates bleaching during Cruise 4 since
observations were generally limited to areas greater than 0.01 m2. It does,
however, indicate a measure of bleaching relative to other cruises. All areas
of bleaching apparently fully recovered prior to subsequent cruises.

5.6.3 Transect Counts

There were no marine mamials, sea turtles or large motile
invertebrates observed during any of the 24 video transects. Invertebrates
would have included sea urchins, starfish, crabs, lobsters, and large
gastropod molluscs. This result was generally expected because the only
abundant, relatively large motile invertebrates on the Flower Garden Banks
are the spotted lobster (Panulirus guttatus), shovel-nose lobsters (Scyllarides
aequinoctialis) and the long-spine sea urchin (Diadema antillarum), all of
which are low in density They are also nocturnal and generally stay well
hidden during the day. Diadema sea urchins were especially scarce as a
result of the Caribbean-wide die-off in 1983 and 1984 (Lessios et al., 1984)
and the lack of recovery of the sea urchin population at the Flower Gardens.

Counts of large-bodied reef fish totalled 2,043 individuals (Table 5-17
and Appendix F). A total of 20 different taxa were recorded. Only one taxon,
the grouper genus Muycteroperca, was not identified to species, since
diagnostic characters were not visible using video census techniques.

Fish counts within transects were relatively low, ranging from one to
207 individuals. This represents individual taxon density extremes of 0.3 to
59.1 individuals per 100 m2. Total densities for all taxa along a single
transect ranged from 0.6 per 100 m? on the East Flower Garden east
transect during Cruise 4 to 62.9 individuals/100 m2 during Cruise 5, also on
the east line at the East Flower Garden Bank (Appendix F).
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The two transects made at each bank during each cruise were
considered replicate samples. Duplicate transects were taken on three
occasions; during Cruise 2 on both the EFG and WFG, and during Cruise 6 on
the WFG. Comparison of total fish counts in duplicate samples, using each
minute of video as separate samples, indicated no significant differences
between two of the three sets (the duplicates made on Cruise 2 on the WFG
were significantly different; p=0.028).

As a method to test for temporal differences (season) and locations
(banks), the robust Student's t-test was used. The null hypothesis was: Ho:
Hi=Ho, or the density observed for a particular fish species was the same
during each season or at each bank. These comparisons resulted in some
significant differences. Seasonal differences between winter and summer
cruises were not significant on the West Flower Garden Bank but winter
densities were significantly higher than summer densities on the East Bank
(p<0.001) (Table 5-17; Figure 5-28). When East and West Bank densities
were combined for a seasonal comparison, there was a significant difference
between winter and summer, with winter higher than summer at o = 0.05
(Figure 5-29). There were no significant differences in fish density between
the East and West Banks for either winter or summer cruises (a = 0.05).

Using one-way ANOVA, there were no significant differences in fish
density between cruises (all transects during each cruise combined; p=0.06)
or between summer or winter cruises considered as separate groups (which
would represent changes over years; p=0.15 and p=0.32 respectively).

Table 5-17. Summary of total observed fish density by cruise, bank and transect; bold type
indicates "winter" cruises (number/100 m2).

EFG North EFG East WFG South WFG West
Cruise 1 20.02 49.29 6.29 8.29
Cruise 2 8.58 3.15 55.44 38.60
Cruise 3 3343 55.71 61.72 12.02
Cruise 4 6.60 0.58 3.44 5.44
Cruise 5 29.43 62.86 50.87 17.16
Cruise 6 13.44 18.30 18.20 18.87
Cruises 1,3,5 27.68 54.95 39.63 12.49
Cruises 2,4,6 9.54 4.01 25.69 20.97
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Figure 5-28 Large-body fish density by cruise on the East Flower Garden Bank
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Figure 5-29. Mean large-body fish density by cruise on the Flower Garden Banks (banks
combined; number/ 100 m2).
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Densities of three reef fish species were compared between cruises,
banks and seasons. The three numerically dominant species (large-bodied
taxa) were the creolefish (Paranthias furcifer), creole wrasse (Clepticus
parrai) and the queen parrotfish (Scarus vetula). They represented slightly
more than 93% of all observations (Appendix F). All other taxa represented
less than half the density of the queen parrotfish, and were not compared
statistically.

Figure 5-30 depicts creolefish density by cruise for both EFG (a) and
WFG (b). The creolefish was by far the most abundant taxon of the large-
bodied fish censused during this study. Like total densities, there were no
significant differences between cruises (F=1.05; p=0.42) or between seasons
(t test) with banks combined. Considering banks separately, the EFG
seasonal difference was significant, with winter higher than summer (a =
0.001). This comparison indicated no significant difference between
seasons on the WFG.

Figure 5-31 shows creole wrasse density by cruise for both banks.
There were no significant differences between cruises with all transects
combined (F=1.30; p=1.31), between banks, or between seasons with the
East and West Banks combined or considered separately (t test, a = 0.05).

Figure 5-32 shows queen parrotfish density by cruise for both EFG and
WFG. Densities were much lower than for creolefish or creole wrasse.
There were no significant differences between cruises with all transects
combined (F=1.29; p=0.31). However the difference between banks was
significant (t test; a<.001), the WFG being higher than EFG. No seasonal
differences were detected.
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Creolefish density by cruise on the East (a) and West (b) Flower Garden Banks
(number/ 100 m2).
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Figure 5-31. Creole wrasse density by cruise on the East and West Flower Garden Banks
(number/ 100 m?).
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Figure 5-32. Queen parrotfish density by cruise on the East and West Flower Garden Banks
(number/ 100 m2).
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6.0 DISCUSSION

6.1 Coral Community - Status and Trends

Approximately 15% of the surface area within the high diversity reef
zones at the Flower Garden Banks contains sand or sand flats (Bright et al.,
1984). Coral cover at the Flower Garden Banks is nearly 50%.
Comparatively small percentages of the bottom are occupied by sponges.
Soft algae can be abundant, but generally are recurrent and ephemeral (e.g.,
algae cover by Dictyota spp. and Stypopodium 2zonale was over 14% in
September 1985 following the Diadema antillarum mass mortality which
occurred between November 1984 and August 1985; Gittings and Bright,
1987). Much of the remaining surface is occupied by coralline algae,
bryozoans, and other encrusting organisms. Coral cover and colony
development exceed that on many Atlantic reefs. For these reasons, and
because corals are generally thought to be sensitive to environmental
perturbations (e.g., Thompson et al., 1980), community monitoring has
focused on coral cover, relative dominance of coral species, and reef
diversity indices.

With the exception of the sizes of high diversity reef areas on the
banks, no substantial differences have been reported previously between the
East and West Flower Garden Banks (Kraemer, 1982; Bright et al., 1984).
The present study identified several differences with respect to the average
sizes and population levels of several species, cover and relative dominance
of certain species, species diversity, and evenness. This study, however, was
not designed to characterize bank-level assemblages. The study was
designed to monitor changes within specified study sites. Study areas were
limited to 10,000 m2 on each bank, or roughly one percent of the total reef
area on the banks. Within these areas, the differences alluded to above
occurred and were regularly identified. It is not known whether these
differences are indicative of differences between reef assemblages on the
banks in general. Though methods used in this study would be applicable to
a study to determine bank differences, such a study would have to be
conducted over a much wider area of each bank.

From a monitoring standpoint, virtually no identifiable temporal
trends occurred over the period of the present study. The few differences



between periods that were identified did not persist, and thus did not
constitute trends. Furthermore, with few exceptions, very little change was
observed in the time since the 1970's, when the first quantitative reef
surveys at the Flower Gardens were conducted. Part of the reason for this
may be the fact that substantially fewer samples were obtained in early
surveys, and sample analysis techniques, though appropriate for the time
and probably accurate, were somewhat different from those used in this
study. Thus, confidence limits of early estimates were quite broad, making
long-term trends difficult to distinguish or demonstrate statistically.
Notwithstanding these problems, most estimates of cover, relative
abundance, and diversity produced in this study compared closely with
those of earlier surveys, suggesting few, if any substantial changes in the last
decade on either bank.

Repetitive large-scale photography has been used only to a limited
extent previously for Flower Gardens research (Abbott, 1979). Nevertheless,
it has proven effective in augmenting random transect data, and for
monitoring gradual and acute changes in individual coral colonies. It is
particularly useful for detecting the probable causes of tissue mortality, and
for monitoring the nature and effects of coral bleaching and disease. The
rates of occurrence of these phenomena are probably linked to the condition
of an ecosystem. Both are thought