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Abstract: The Turks and Caicos Islands (TCI) has some of the best remaining reef in the Caribbean, but corals 
are declining as elsewhere in the region. Traditional reef assessment methods cover too little area to accurately 
characterize complex reef ecosystems, miss large-scale patterns, and high intrinsic spatial variability of reefs 
inhibits the ability to identify changes or causes. Spatially extensive surveys provide more information, over 
larger areas, in less time, than intensive ones, revealing large-scale gradients that intensive methods are inher-
ently unable to identify. Extensive surveys were carried out in Providenciales, South Caicos, East Caicos, and 
Grand Turk. Live coral cover averaged 10-20%, maximum around 40%. Dead coral exceeded live coral at all 
sites. Several past mortality events from disease and high temperature were identified. Dead offshore elkhorn 
reefs, which protect the shoreline from erosion, are slowly crumbling from boring organisms. Stress from sedi-
mentation was seen down-current from the Cruise Ship Port dredging site. Unexpectedly frequent and severe, 
but localized, coral disease was seen at many locations, often appearing in intense patches. A special focus of 
the survey was identifying algae distribution across environmental gradients. 26 ecological and environmental 
parameters were assessed at 47 coral reef sites across TCI. Transects were parallel and perpendicular to major 
environmental gradients and spanned their ranges. Correlations between all pairs of ecological and environmen-
tal variables were assessed by non-parametric statistics. The matrix of all correlations and significance provided 
improved insight into interactions between species and their relations to environmental gradients, revealing that 
many diseases correlate with certain species of algae, which might be reservoirs for pathogens. High algae abun-
dance was seen at almost all sites, with zoned gradients pointing towards nutrient sources. Most dive sites had 
little algae in shallows, but algae increased dramatically at the drop off edge into deeper water to the thermocline. 
In many shallow reefs algae zonation indicated land-based nutrient sources from outflow of creeks, marinas, 
salinas, fish processing plants, hatcheries, or groundwater seepage. Surprisingly high levels of algae were also 
seen at many remote sites with no land-based nutrient sources. Spatial zonation of algae suggest nutrient inputs 
from persistent localized upwelling of cold, deep, nutrient-rich water offshore. Green chlorophyll-rich surface 
water was noted at all sites affected by land-based sources or by offshore upwelling, suggesting widespread high 
natural nutrient backgrounds. Extensive methods are more cost effective than intensive ones and could be much 
more widely used for management purposes. The TCI data are being used to develop national water quality 
management and restoration strategies. Rev. Biol. Trop. 56 (Suppl. 1): 25-49. Epub 2008 May 30.
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tics, coastal zone management, algae zonation, coral community assemblages, diseases, bleaching.
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Turks and Caicos Islands: The Turks 
and Caicos Islands (TCI) lie at the extreme 
southeast end of the Bahama Islands chain, but 
form a separate country (online supplement). 
The islands are on the edges of two shallow 
banks (online supplement). Most Turks and 
Caicos Islanders have always lived from the 
sea, whether from salt, fisheries, or tourism 
(Sadler 1997). TCI has developed the strongest 
coastal zone management in the Caribbean in 
order to save their marine resources. There 
is widespread public awareness and support, 
since the current tourism and financial service 
economies are vulnerable to the uncontrol-
lable whims of political forces and events 
outside TCI, and the people could once again 
be forced to live exclusively from the sea 
as they did in the past. TCI has some the 
strongest coral reef protection policies in the 
world in terms of the proportion of reefs with 
protected status. Although the Department of 
Environment and Coastal Resources is small 
and under-funded, the level of enforcement of 
environmental laws is among the most effec-
tive anywhere: TCI is the only country in the 
world that is adopting coral reef specific water 
quality standards, and which ensures that all 
developments recycle all their wastewater 
on their own property as plant irrigation to 
prevent land-based sources of pollution that 
could damage reefs and fisheries. 

Nevertheless, as the reefs continue to 
decline, there is little information on the current 
status of the reefs, the changes they are under-
going, or the stresses that cause them, which 
could be used to guide coastal resource man-
agement. Planning for the future will require 
learning from the past, correctly assessing the 
causes of current trends, and anticipating the 
future pro-actively. The purpose of this study 
was to assess current reef health trends in the 
light of past observations, and use them as a 
guide to prepare a strategy that protects and 
enhances TCI’s future fisheries, tourism, and 
shore protection needs. This study was car-
ried out at the request of the Department of 
Environment and Coastal Resources, approved 
by the National Parks Advisory Committee, 

and funded by the Community Conservation 
Projects Programme.

Intensive versus extensive assessment: 
Traditional methods of reef assessment, such 
as the 1999 AGRRA surveys, count corals (or 
fish) and estimate total algae abundance along 
short line transects or in small quadrat frames. 
We refer to these as “intensive” methods in 
this paper. Intensive methods give quantita-
tive information, but are laborious, take a lot 
of time, and cover only a very tiny part of 
the reef being looked at. Coral reefs are so 
spatially variable that totally different results 
can be obtained by placing lines or quadrats 
just a few meters away. vast numbers of such 
measurements must be made before the aver-
age measured value converges on the true 
mean for the reef. Sufficient measurements for 
statistical accuracy are impractical due to time 
and funding constraints. Intensive method data 
give the impression of high precision, but can 
be unrepresentative of larger areas and so inac-
curate at characterizing habitats or associations 
between variables (specific examples are given 
in the online supplements). High measurement 
variability and the extremely small areas mea-
sured intrinsically prevent seeing larger scale 
ecological gradients, yet these larger scales are 
usually the dominant feature of reefs ecosys-
tems. After such methods were first applied to 
reefs in Jamaica in the 1960s by T. F. Goreau, 
they were abandoned as being not worth the 
time they took for so little information.

A diametrically different philosophy of 
environmental assessment is to make exten-
sive, large-scale studies of ecological gradients. 
In the same time it takes to count everything 
along a single short line or small square, a 
trained diver can swim over the entire reef 
and see large-scale spatial patterns that could 
never be identified by intensive methods, even 
with many years of measurements. Rather 
than trying to count everything in a small 
area, observers look for changes in the abun-
dances of major groups of organisms along 
long distances perpendicular to and parallel 
to the major environmental gradients, such as 
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distance from shore, depth, wave energy, popu-
lation centers, nutrient sources, etc. while cov-
ering as much ground and different habitats as 
possible. Special notice is paid to the average 
abundances of major groups along gradients 
and the presence of unusual numbers of any 
organisms at specific sites. These methods are 
those used in the original 1950s studies by T. 
F. Goreau first describing the ecological zona-
tion of coral reefs, and in drawing up marine 
protected area plans to protect reefs in Ocho 
Rios, Montego Bay, and Negril, in Jamaica, St. 
John in the virgin Islands, and Buccoo Reef in 
Tobago.

Although intensive methods appear to give 
precise results, they are often inaccurate or 
inadequate samples of the larger habitat. In 
contrast, extensive methods are less precise 
but more accurate on larger scales, and most 
importantly, they integrate over patchiness of 
many scales. Each is appropriate for a differ-
ent class of questions, but extensive methods 
are much more informative if time and fund-
ing is limited because they cover many times 
larger areas, and are therefore ideally suited 
to developing countries who must maximize 
information at minimum cost. Nevertheless, 
extensive assessment fell out of fashion after 
1970 because of the appearance of quantitative 
accuracy that the intensive methods appear to 
offer. Users of intensive methodologies regard 
their surveys as “quantitative” and “scientific”, 
and discount extensive observations as “quali-
tative” or “merely anecdotal”. There is a need 
to provide an objective and quantitative frame-
work for analyzing extensive observations that 
allows the unique power of large-scale gradient 
observations to be expressed in a statistically 
significant way. The use of non-parametric 
statistical analysis provides a robust way to do 
so. Usually parametric statistics are used to test 
a priori hypotheses, but they can miss patterns 
in the data that are not specifically tested for. 
In this paper we are not testing prior hypoth-
eses, we are simply looking how every pair of 
ecological or environmental variables assessed 
are related to each other over all the sites. Only 
then do we form a posteriori hypotheses to 

explain the linkages between variables found 
in the data. Thus this method is more consistent 
with mining data from natural history obser-
vations to generate testable hypotheses, than 
the conventional “hypothesis driven” science, 
which presumes the expected relationship that 
is being tested.

Conventional parametric statistical analy-
sis provides a mathematical framework for 
comparing data as long as it is assumed that 
each variable measured is described by only 
two parameters, the mean value and the stan-
dard deviation. The assumption is that vari-
ability of all values around their mean is 
described by “normal” bell-shaped Gaussian 
distribution curves. If real data does not match 
this assumption, parametric methods can lead 
to incorrect conclusions. Ecological and envi-
ronmental data are very rarely “normal”. The 
abundances of many organisms are often high-
ly skewed, so that they are either extremely rare 
or very abundant. In such cases, mean values 
and standard deviations are fairly meaningless 
descriptions, and provide inaccurate impres-
sions of the typical abundance of the popula-
tion. Non-parametric statistics provide a way 
to draw strong statistical inferences about the 
relationships of variable parameters that do 
not fit “normal” distributions. The value of 
each variable is ranked qualitatively along a 
gradient. These can be average bottom cover 
estimates to the nearest 10% or qualitative cate-
gories, such as “very high”, “high”, “medium”, 
“low”, or “very low” as long as they are esti-
mated consistently between sites by the same 
observers. This allows very rapid and efficient 
data to be collected over large areas that are 
impossible with intensive methods, and for 
statistically sound relationships between them 
to be derived. 

Non-parametric methods have only infre-
quently been used for extensive assessment of 
coral reef health. By comparing the Spearman 
rank order correlation statistics of many eco-
logical and environmental parameters at many 
sites each pair of variables can be evaluated as 
to whether they are positively or negatively cor-
related and the degree of statistical significance 
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evaluated. The long-term changes of corals and 
algae at sites all around Jamaica were assessed 
with regard to climatic and anthropogenic 
stresses, showing that areas with the highest 
algae overgrowth of reefs were near the largest 
land-based sources of nutrients (Goreau 1992). 
Goreau and Hayes (1995) examined reefs over 
a large area of the South Pacific, and found that 
several parameters were strongly negatively 
correlated with live coral cover, and that most 
of these parameters strongly positively corre-
lated with the density of human activities, but 
none of them correlated with bleaching, which 
only high temperature did. They concluded 
that many human activities were damaging 
corals, but bleaching was related only to high 
temperature stress, probably caused by global 
warming. 

Previous work: Although TCI has long 
been regarded one of the Caribbean’s top 
dive destinations, there is surprisingly little 
material available about the condition of the 
reefs apart from descriptions of the major 
dive sites (Gascoine & Lott 1991, Rosenberg 
2001, Harrigan 1992). Assessment of TCI natu-
ral resources, including some reef sites, was 
done in the 1980s by Project Raleigh, and T. 
Topalian discussed the condition of TCI reefs 
in 1992, but copies of these reports could not 
be found for this study. Sullivan et al. (1994) 
identified coral species in areas of just 15-30 
square meters at 5 locations on shelf edge reefs 
near South Caicos. A description of reefs at 
sites of Western Grand Turk and near the Bight, 
Providenciales was included in a DECR report 
by Goreau (1995). TCI was found to have some 
of the best reefs in the Caribbean, with live 
coral cover up to 70%, abundant groupers and 
big fish, no algae in shallow water except in 
front of large hotels, and Lobophora algae only 
on deep walls. Coral reef specific water quality 
standards were recommended. 

Although the Center for Field Studies has 
operated a teaching and research program in 
South Caicos for many years, research there 
has focused on fish behavior, and little has been 
published on coral reef assessment except for 

one paper on coral species in reefs near Long 
Cay, South Caicos (Steiner 1999). G. Gaudian 
and P. Medley, working with DECR, published 
a paper on diver damage and diver carrying 
capacity in Grand Turk (1995) and a book 
chapter (2000) summarizing the condition of 
TCI and Bahamas reefs, which described TCI 
reefs as largely “pristine”. A study of water 
quality has been done in the Princess Alexandra 
Park, Providenciales (Perez 2000). A report on 
reef assessment at major dive sites has been 
compiled by DECR (Fisher 2004). 

The most comprehensive previous reef 
survey in the Turks and Caicos was carried 
out in 1999 (Riegl et al. 2003, Hoshino et al. 
2003). That study examined 28 locations, most 
of them close to or similar to those examined 
in this work, and so providing a useful base for 
comparison. They found an average live coral 
cover of only 18% (range 8-28%). Because 
they regarded TCI reefs as “pristine”, they sug-
gested that the reefs must be healthy but that 
coral cover was low for some unknown natural 
reason, such as hurricanes. They noted large 
amounts of standing dead coral in many shal-
low areas, which is inconsistent with hurricane 
damage, but did not suggest when or why these 
corals had died. They noted that algae cover 
was generally high, and higher on windward 
than leeward reefs, but offered no explanation 
of this unexpected pattern. 

METHODS

Field and analytical methodology: 
Because the purpose of extensive surveys is to 
cover as much area as possible, detailed counts 
are not made as in intensive surveys. Instead 
highly experienced reef ecologists mentally 
average the abundances they see along the gra-
dient and team members frequently compare 
their observations and notes right after each 
dive. If possible the entire transect is digitally 
filmed or photographed. Coverage of major 
groups of organisms, such as live coral cover 
or different types of algae, is estimated to 
the nearest 10%. While the intensive method 
gives the appearance of greater precision, in 
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fact differences of less than 10% cover are 
almost never really significant, and signifi-
cant differences in abundance can easily be 
accurately estimated visually to the nearest 
10% by experienced observers. Comparison 
shows that experienced observers agree on 
their coverage estimates almost always, and 
only rarely will two experienced observers 
disagree by 10% because they were looking at 
a somewhat different field of view even when 
swimming nearby. By discussing their find-
ings at the end of each set of observations, the 
team has always found it possible to agree on 
a satisfactory average value that was consistent 
with the observations of all members of the 
team. To cross check the coral cover estimates 
against those measured by standard methods, 
100 meter long Reef Check transects were 
independently run later by Marlon Hibbert and 
the Reef Check TCI team 14 months later at 5 
of the locations reported here. 

In this study, 26 different ecological and 
environmental parameters were assessed at 
each of 47 different locations throughout the 
Turks and Caicos. Maps showing all of the loca-
tions examined are in the online supplements. 
All sites were assessed by a team of four: T. 
Goreau of the Global Coral Reef Alliance, 
and T. Fisher, F. Perez, and K. Lockhart of the 
TCI Department of Environment and Coastal 
Resources. At each site long swims (often sev-
eral kilometers at a stretch) were taken cover-
ing the widest range of conditions at each site, 
usually as onshore-offshore transects or from 
land-based sources of nutrients along the shore 
both in the upcurrent and downcurrent direc-
tions from key possible sources of stress. When 
diving, an effort was made to cover the largest 
depth range possible. Deep diving and shal-
low snorkeling sites were picked to represent 
continuous spatial gradients. Long distances 
were traveled by being towed behind a boat 
on a rope, both parallel to the shore and along 
onshore-offshore gradients to look at larger 
spatial patterns using the tow surveying method 
developed in 1969 (Goreau et al. 1972), later 
popularly re-named ‘Manta Tow”. At each loca-
tion one member of the team took photographs 

including wide angle photographs to show the 
general conditions of the site, and close-ups of 
the most abundant or the most unusual corals, 
algae, and invertebrate organisms at each site, 
making a special effort to document coral reef 
diseases or bleaching. Corals were identified 
to species and algae generally to genus level. 
Because algae were dominant at almost all 
sites, a special focus was on the zonation pat-
terns found in the most abundant algae species. 
It was not possible to take photographs during 
tows, as both hands were needed to hang onto 
the rope, and at a few sites the camera did not 
work due to battery problems. DECR assess-
ments in the past had focused on major dive 
sites (Fisher 2004), fisheries stock assessment 
(largely for conch and lobster, K. Lockhart, 
personal communication), and at environmen-
tal engineering problem response sites (largely 
pollution or dredging related, F. Perez, per-
sonal communication), Since the purpose of 
this assessment was to look at large scale 
ecological patterns, this gave the DECR staff 
a first chance to look at places that they had 
never dived at before. They found the range of 
conditions at many sites surprisingly different 
from those they had experienced previously. 
Following the dive assessments, meetings were 
held with the oldest divers on Providenciales 
and Grand Turk to discuss their observations on 
historical changes.

After each dive, snorkel, or tow, the team 
drafted group notes comparing their observa-
tions. Notes indicated the typical coverage of 
the site, noted any spatial gradients, and any 
unusual organisms seen. At the end of the field 
studies, the notes and the photographs were 
used by the team to discuss each site, and to 
rank the chosen ecological and environmental 
parameters in a consistent way at all sites. The 
field notes and photographs are available as 
on-line appendices. The parameters chosen in 
this study were all readily visually estimated. 
Quantitatively measured parameters could also 
be included in this analytical scheme, but the 
team had no quantitative measuring instru-
ments, except a boat mounted GPS for part of 
it. Therefore the parameters selected included 
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the major groups of organisms and bottom 
types, environmental parameters such as depth, 
distance from shore, wave energy and expo-
sure, turbidity, water color, and distance from 
land-based sources of nutrients such as cess 
pits, septic tanks, other waste water treat-
ment systems, garbage dumps, channels from 
harbors or lagoons, and the abundance of key 
indicator algae species. 

While there are several Caribbean corals 
that are characteristic of very shallow or deep 
sites, most Caribbean corals are found in a wide 
range of depths, and the major zonation was 
historically caused by the former near complete 
domination of Elkhorn (Acropora palmata) and 
Staghorn (Acropora cervicornis) in the shallow 
wave breaking zone, with other coral species 
dominating in the shallow lagoon behind or on 
the deeper reef in front (Goreau 1956, 1959, 
Goreau and Goreau 1973). This zonation was 
very common in TCI in the 1970s but is now 
only very weakly present due to the very small 
amount of Acropora remaining. Since algae 
dominated most reefs in 2006, and since algae 
species are very sharply zoned along ecological 
gradients (Goreau 1992), algae species were 
used as the primary indicators of zonation rath-
er than coral species. Indicator algae species 
that were picked for ranking were macrophyte 
(larger algae not needing a microscope for 
identification) species that were very abundant 
at several places, and that could be quickly 
ranked at all sites. 

All parameters were ranked on a scale 
from 1 to 5. The parameters chosen for com-
parative assessment at all sites were:

1. Live coral cover. The best indicator of reef 
health

2. Bare cover. Clean hard rock and dead coral 
not covered by algae, suitable for new 
coral settlement

3. Padina. Algae typical of shallow low nutri-
ent areas

4. Lobophora. Algae typical of deeper and of 
nutrient rich areas

5. Stypopodium. Algae typical of moderately 
high wave energy

6. Sargassum. Algae often dominant in high 
wave energy areas

7. Turbinaria. Algae often found in high 
wave energy areas

8. Dictyota. very common algae that spreads 
at low to moderate nutrients

9. Crustose coralline red calcareous algae. 
Algae typical of very low nutrients

10. Branching red calcareous algae. Algae 
typical of low to moderate nutrients

11. Laurencia. Algae typical of low to moder-
ate nutrients

12. Microdictyon. Algae typical of high nutrients
13. Cladophoropsis. Algae typical of high 

nutrients
14. Calcareous green calcareous algae. Algae 

typical of low to moderate nutrients, major 
beach sand source

15. Cyanobacteria. Algae typical of very high 
nutrients, especially phosphorus

16. Bleaching. Coral alive but pale and severe-
ly stressed, usually by high temperature

17. White Plague. The disease that spreads 
fastest, affects most corals

18. Black Band. Disease affecting massive 
corals

19. Gorgonian disease. Disease affecting sea 
fans and sea whips

20. Exposure. Degree of wave exposure, 
depends on geographic orientation of 
shoreline

21. Depth 
22. Development. Amount of population and 

infrastructure on nearest shoreline
23. Turbidity. Low visibility due to suspended 

sediments from dredging or wave action
24. Green water. Low visibility due to high 

levels of phytoplankton 
25. Point source. Proximity to major sources of 

nutrients from septic tanks, canals draining 
salinas or creeks, marina channels, or fish 
processing plants 

26.  Seepage. Ground water flow from inland 
salinas, lagoons, cesspits, septic tanks, and 
garbage dumps.

Other parameters could easily be added to 
the list or subtracted from it.



31Rev. Biol. Trop. (Int. J. Trop. Biol. ISSN-0034-7744) Vol. 56 (Suppl. 1): 25-49, May 2008

RESULTS

The non-parametric statistical analysis of 
the data, showing the Spearman correlation 
coefficients between each pair of variables 
from the rank order listings at all sites, and 
whether these variables are positively or nega-
tively correlated with each other, as well as 
the degree of statistical significance, is shown 
in Table 1. Detailed spreadsheets of the field 
data, the field notes, the field photographs, and 
the 1995 Goreau report are available at: http://
globalcoral.org/Turks%20and%20Caicos%20
Islands%20Coral%20Reef%20Health%20
Assessment.htm

An overview of the general field observa-
tions with regard to coral abundance, coral 
health, algae abundance and distribution, water 
quality with regard to water color, sediment, 
and pollution, and shore erosion is provided 
below. In addition to the underwater observa-
tions, observations of the reefs were made from 
the air. These are discussed below in a separate 
section. This section is followed by an analysis 
of the results of the patterns that emerged from 
the data analysis, many of which were not pre-
viously noticed.

Comparison of visual estimates of coral 
cover with line transects: The Reef Check 
TCI transects were run at 5 of the sites assessed 
in this study, 14 months later. Each transect is 
100 meters long, and took around 2 hours with 
a team of 5-6 people. The visual assessments 
reported here would typically cover a kilo-
meter or more in the same time interval. The 
Reef Check protocol assesses parameters that 

were not assessed in the visual survey, and our 
protocol included many more parameters not 
in the Reef Check protocol. Therefore we com-
pare only the live coral cover estimates. It must 
be remembered that because the Reef Check 
assessment covered circa one tenth the area 
of the extensive surveys, there is a very good 
chance that the transect data represents only 
a single sub-habitat and not the entire region 
assessed by the extensive surveys. The Reef 
Check method is more precise, but the exten-
sive method is a more accurate description of 
the larger habitat. Three of the five Reef Check 
transect values were within the 10% limits of 
precision of the visual estimates, and two were 
lower (below). These differences could reflect 
that the corals had further deteriorated in the 
12 months between surveys, as they were loca-
tions with extensive coral disease outbreaks at 
the time of the first observations. Alternatively, 
the Reef Check surveys, covering a much 
smaller area than the visual estimates, could 
have been placed in microhabitat areas that 
were not representative of the larger area sur-
veyed in the visual survey. Concurrent surveys 
will be needed in order to resolve this and fully 
compare the two methods.

Coral cover: Live coral cover was sur-
prisingly low at all sites. All sites had more 
dead coral than live coral, and in many the 
live coral was extremely low. Most reef sites 
had live coral cover between 10 and 20%. The 
highest values for live coral cover seen in TCI 
reefs were around 40% at the healthiest shelf 
edge wall and slope reefs (the best healthy 
coral reefs should have approaching 100% live 

TABLE 1
Comparison of live coral covers visually estimated at 5 sites in June 2006 compared with Reef Check transects 

at the same locations measured in August 2007

Dive Sites visual estimates June 2006 Hard coral % Reef Check Aug 2007 Hard Coral %

Pinnacles 20-30 31.88

Aquarium 10-20 13.75

Coral Gardens 30-40 6.25

Smith’s Reef 10-20 6.25

Arches 15-25 8.75
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coral cover). A large fraction of the dead coral 
appeared to have died within the last 5-10 years 
based on the preservation of the dead coral sur-
face and the height difference between live and 
dead portions of the partially dead colonies. It is 
thought likely that much of this partial mortality 
was due to bleaching and coral disease. Dives 
in many of the best locations on Grand Turk in 
1995 had found live coral cover of up to 70% 
(Goreau 1995), implying that nearly half the 
corals had died at the best sites in 11 years. In 
1995 a coral mortality event about 5 years old 
was clearly visible, probably due to the severe 
bleaching events in 1990 and 1987, which had 
been the hottest years in TCI up till that time. 
Satellite derived monthly average sea surface 

temperatures for TCI from 1982 through 2003 
(Fig. 1, Hayes & Goreau in press), shows that 
record high temperatures were reached in 1998, 
and almost every year since then has equaled or 
exceeded the temperatures that caused bleach-
ing in 1987 and 2000. The dead portions of 
large corals seen in this study, which appeared 
to have died 5-10 years previously based on 
their height differences, are most likely to have 
died after bleaching in 1998. In some shallow 
locations, for example southeast of Grand Turk, 
almost all large head corals were dead on top 
but alive on the sides, a characteristic typical 
of partial bleaching mortality. An opposing 
pattern is often caused by White Band Disease, 
which usually proceeds from the bottom up. 

GRAND TURK SST 1984-2003
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Fig. 1. Monthly average TCI sea surface temperatures (in degrees C), 1984-2003 (from Hayes & Goreau 2008). The num-
ber on the horizontal axis is the number of months starting in January 1984. There is a clear upward trend in maximum, 
minimum, and mean temperatures, caused by global warming. The warmest year was 1998, but almost all years since 1998 
have been very warm, making bleaching a nearly annual event. 2004 and 2005, not shown, continued this pattern, with hot-
ter conditions and more bleaching in 2005. Years of known bleaching correspond to monthly average temperatures causing 
bleaching are seen to be 29.4ºC and above.
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Only current bleaching, not likely past bleach-
ing mortality, was tabulated. Bleaching was 
distinguished from disease, which can often be 
confused with it, by the presence of live, but 
pale, tissue over the skeleton, and the charac-
teristic species-specific gradients of color seen 
across bleached corals. The bleaching seen was 
residual slow recovery from bleaching in 2005 
(online supplement). This recovery appeared 
to be much slower in some sites than others, 
but without knowing the intensity of bleach-
ing at its peak the previous year at each site, it 
is hard to be sure. The high, but patchy, older 
coral mortality after the 1998 bleaching event 
observed in this study was apparently not rec-
ognized in the 1999 survey by Riegl et al. A 
healthy patch of staghorn coral that had been 
found at the southern tip of Grand Turk in 1995 
was completely gone 11 years later. It is clear 
that there has been a progressive decline in 
live coral cover over the past 15-20 years at all 
sites. A large amount of even older coral mor-
tality was clearly visible at many sites. Huge 
dead standing elkhorn coral reefs were seen at 
many locations in northwestern Providenciales, 
northern Grand Turk, and the islands south-
east of Grand Turk. Some locations had a few 
younger live elkhorn corals, but with very little 
overall recovery compared to the amount of old 
dead elkhorn at the same sites. Large amounts 
of dead staghorn rubble were found at some 
locations on northern Grand Turk. Staghorn 
and elkhorn coral were once very abundant, 
but are now rare everywhere. This has serious 
environmental implications because the open 
branching of these corals provides the best 
habitat and hiding places for most reef fish, the 
best snorkeling areas, and because they grow in 
shallow water and are the best corals at breaking 
waves, for absorbing wave energy, and reduc-
ing beach erosion at the shoreline. Discussions 
with the earliest divers, who founded the first 
dive operations in Grand Turk in the 1980s, 
revealed that these areas were already dead 
when they had started diving. The first dive 
operations in Providenciales were set up in the 
1970s, but the divers concentrated on fishing 
and did not pay attention to corals. It is quite 

certain that these huge coral formations died 
during the Caribbean-wide epidemic of White 
Band Disease that killed almost all Elkhorn 
and Staghorn throughout the Caribbean around 
1979 (Gladfelter 1982). Unfortunately there 
are no known older observations and pho-
tographs that would help establish the date, 
although interviews with the oldest fishermen 
should provide this information. The low coral 
cover was surprising, because TCI reefs are 
among the best in the Caribbean in terms of 
coral cover and because they have much lower 
sources of land-based sources of pollution 
than almost any other islands, due to the low 
population and semi-arid climate, which causes 
very low runoff. TCI reefs are widely regarded 
as “pristine” but it is clear that the corals are 
dying much faster than new coral colonies can 
colonize the area, as seen by the large amounts 
of bare substrate at some locations that is ideal 
for coral settlement. Recruitment of new coral 
larvae from planktonic sources is probably 
very low because there are few areas with 
good sources of coral larvae upcurrent from 
TCI due to its exposed open Atlantic location. 
The major sources of stress to the reefs, while 
linked to development, dredging, and land 
based sources of pollution at several shallow 
reef sites, appears to be largely due to global 
warming and new diseases, and oceanographic 
factors, none of which can be controlled by 
local measures. 

Coral diseases: Epidemic levels of coral 
diseases were found at many locations. The 
most abundant was White Plague (online sup-
plement), which was seen at almost all sites. At 
most locations only isolated cases were found, 
but at many locations patches of reef in which 
a large portion of corals had White Plague, 
separated by intervening areas with few or no 
cases, were found. In some of these patches 
most of the coral species were affected. While 
massive corals were generally most affected, 
most coral species were found to have some 
colonies being killed by White Plague, includ-
ing massive, branching, and plate corals. We 
counted only cases in which White Plague 
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was actively killing corals at the time of the 
observation, indicated by large areas of fresh 
white skeleton that had only lost its tissue in 
the last few days, before algae could overgrow 
it. But we did also see many corals with older 
dead portions that looked as though they had 
died from white plague previously, as noted 
from the typical bottom-up mortality pattern, 
but that the disease had stopped before killing 
the entire colony (often with totally dead corals 
nearby). White Plague, while it will completely 
kill smaller corals, often stops before it com-
pletely kills larger corals, leaving dead patches 
of characteristic shape, usually on the sides. 
White Plague may be seasonal if, as seen else-
where, White Plague spreads most rapidly in 
the warmer months and stops when water gets 
cooler. Without catching diseases in the active 
stage, it is very difficult to assign older mortal-
ity, so we did not include older partial mortality 
in our White Plague estimates. White Plague 
was so widespread, and so locally abundant at 
many places, that it is likely to be the major 
killer of TCI corals at this time. Black Band 
disease (online supplement) was also found to 
be locally very abundant, but at a smaller num-
ber of places than White Plague. This disease 
kills corals at a few centimeters a month (while 
White Plague does so at several centimeters a 
day) and affects a smaller number of species, 
primarily the large head corals. Most sites with 
a lot of Black Band were very remote from 
human pollution sources, in fact it was almost 
never seen at places where land-based pollution 
is a possible stress factor. However in many 
cases the white recently dead area behind the 
black band was very broad, up to ten times or 
more wider than normal, making it appear as 
if it were combined with White Plague. The 
same was true of White Band Disease, which 
was generally fairly uncommon because of 
the rarity of the affected elkhorn and staghorn 
corals. In contrast to White Plague and Black 
Band, Yellow Band, Dark Spot, White Pox, 
and White Spot Diseases were present but 
far less common, usually isolated, and rarely 
aggregated into intense patches. Gorgonian 
Disease (online supplement) was seen at high 

levels in sea fans and sea whips, but only in 
a small number of places, and most locations 
showed no signs of either. In some places large 
amounts of dead sea whip remains were found 
piled up on the bottom. Coralline Algae White 
Line Disease (Goreau et al. 1998) was seen 
in isolated places wherever encrusting coral-
line red algae were abundant, and one case 
of possible Coralline Lethal Orange Disease 
was seen. Given that these observations were 
made in June, before the water warmed up to 
the usual seasonal maximum, it is possible that 
the disease outbreaks noted were in their early 
stages, and so it will be very important to con-
tinue observations through the following cool 
and warm seasons. 

Algae: Several very distinctly different 
algae communities were found at different 
sites, some associated with land based sources 
of nutrients, others with offshore exposure, 
and others lying in between (see field notes in 
on-line appendices). In some cases particular 
species of algae were found to be dominant at 
a single site, and rarely or never found at other 
sites. These very locally abundant but uncom-
monly found species were noted, but were not 
used as indicators because the number of sites 
where they were found was too rare to be sta-
tistically significant. Algae were the dominant 
cover on hard bottom at almost all sites, but 
the species dominance varied greatly from 
site to site (details in field notes and data logs 
posted at www.globalcoral.org). High presence 
of algae indicates the nutrient supply feeding 
them promotes faster growth than algae eating 
fish and other organisms can consume. This 
finding was extremely surprising because land-
based nutrient sources in TCI are relatively 
small and localized, and the fish populations 
are some of the healthiest in the Caribbean. 
Algae are the best indicators of environmen-
tal conditions, with different species being 
most abundant under different conditions of 
nutrients, light, and wave energy. While a 
few algae species were very broadly distrib-
uted, such as Dictyota and the calcareous sand-
producing green Halimeda, most algae were 
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clearly zoned, being most abundant in certain 
habitats and rare in others. Algae covered most 
of the hard rock surface and dead corals almost 
everywhere, preventing the possibility of new 
coral settlement. Clean white limestone rock 
surfaces that had been noted previously in 
shallow Grand Turk reef sites (Goreau 1995) 
were largely covered with macro-algae or 
micro-algae turf at most locations in this sur-
vey. The exceptional locations with very low 
algae cover were found at sites south and east 
of South Caicos, certain sites on Providenciales 
and southwest Grand Turk, and patches on 
shallow fore reefs with very high wave energy 
exposure. There were distinct regions where 
both shallow and deep reefs had high (or both 
had low) algae. Algae indicative of very high 
nutrients were focused wherever land-based 
point sources of pollution and groundwater 
seepage enter the sea. The factors affecting the 
distribution of the different major algae groups 
are discussed in further sections, especially the 
statistical data analysis, and in the appendix of 
detailed site descriptions. One striking feature 
in the algae, as previously noted (Goreau 1995) 
was the strong increase in Lobophora variegata 
and calcareous green algae with depth going 
down the drop off. This suggests that the nutri-
ents at these sites are coming from upwelling 
and mixing of deep cold North Atlantic waters 
from below the thermocline, which are much 
higher in nutrients than warm shallow water. 
At two locations off northwest and southwest 
Grand Turk we dived down to the thermocline. 
At the northern location the thermocline was 
shallower, 90 feet, and at the southern loca-
tion it was deeper, 120 feet. These depths 
corresponded to the maximum abundance of 
Lobophora with depth at each site. Upwelling 
of deep nutrients must therefore be considered 
an important source of nutrients for deep and 
offshore reefs, even those remote from land-
based sources of nutrients. 

Pollution: Since there is very little indus-
try or agriculture in TCI, the major source of 
pollution is sewage. Unless sewage is treated 
to tertiary level to remove the nitrogen and 

phosphorus, these elements, which are the 
major limiting nutrients for algae, will remain 
in residual waters after treatment. If these 
waters are not recycled on land, the nutrients 
in them will be released to the ocean by direct 
discharge, or build up in the water table and 
underground seepage into the sea. Almost all 
major developments in TCI have secondary 
sewage plants with complete wastewater recy-
cling on their own property and low discharges 
to the coastal zone. This is accomplished via 
using wastewater irrigation of trees, shrubs, 
and lawns on site, and TCI is the only place 
we know in the world to mandate this from 
all developers. But most older homes have 
cesspits or septic tanks. Algae indicative of 
very high nutrients were found near all major 
sources of nutrient pollution previously known 
to DECR, such as the entrance to enclosed 
harbors and marinas, the outflow channels of 
the most polluted salinas, conch and lobster 
processing plants, the conch farm, areas of 
septic and garbage disposal, as well as in pre-
viously unidentified areas where nutrient-rich 
groundwater soaks into the sea from salinas 
and septic seepage. Algae levels were much 
higher in 2006 at all the shallow sites that had 
previously been looked at in 1995, indicating 
an increase in land-based sources of nutrients 
following increasing population and tourism. 
However no algae buildups were found at the 
outlets of bodies of water, such as North Creek, 
which receives almost no sewage nutrients. 
These patterns suggest strongly that nutrient 
sources, not lack of algae-eating organisms, 
are the cause of the high nutrients in many 
shallow coastal waters near populated areas. 
However large amounts of algae were also 
found at many locations remote from all obvi-
ous land-based sources of nutrients, including 
very exposed sites where there is little fishing. 
The significance of those sites is discussed in 
the next section.

Green water: Water with a strong green 
color and reduced visibility, due to high levels 
of phytoplankton algae, was very noticeable in 
many places, both while diving and from the 
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boat while traveling between sites. Some areas 
of green water were those previously known 
to be impacted by land-based sources of nutri-
ents, such as the marinas on Providenciales, 
the Conch Farm, areas near the fish processing 
plants on South Caicos, and the areas of salina 
outflow on Grand Turk. However green water 
conditions were also encountered at many sites 
remote from any possible land based sources 
of pollution, for example east of the uninhab-
ited island of East Caicos, North West Point 
on Providenciales, the North East Barrier Reef 
of Grand Turk, and the uninhabited islands 
southeast of Grand Turk. In all areas where 
the water was distinctly green, macro-algae 
or micro-algae turf densely covered the bot-
tom. The areas to the south of South Caicos, 
and areas of Providenciales and Grand Turk, 
which had distinctly blue water, also had the 
least algae cover. This strongly suggests that 
many parts of TCI reefs are strongly affected 
by upwelling of deep nutrient rich waters, so 
that the algae problem affects much larger areas 
than those affected by land-based sources of 
nutrients alone. While ephemeral green water 
can be caused by episodic upwelling events, 
the distinct spatial patterning of shallow and 
deep reefs into blue water areas with high coral 
cover (where all the tourist dive sites are locat-
ed) interspersed with areas with green water, 
low coral, and high algae, suggests that the 
upwelling patterns are chronic and persistent, 
and that systematic long term algae and coral 
abundance patterns may be linked to upwell-
ing at distinct sites. These preferred upwelling 
sites probably result from to ocean circulation 
patterns influenced by submarine topography, 
but there is little direct oceanographic data to 
test this hypothesis. Almost the entire Northern 
Barrier Reef of Grand Turk and most of the 
Northern Barrier Reef of Providenciales con-
sists of limestone hardground rock overgrown 
by algae, with very little coral. The limestone 
surface is an old erosional limestone surface, 
sculpted into spurs and grooves by erosion. 
Real spur and groove topography is purely of 
erosional origin, the spurs are smoothed by 
erosion and the grooves are full of rounded 

boulders, not sand, and there is little or no 
live coral on their sides. Unfortunately many 
coral reef researchers mistakenly continue to 
misuse the term “spur and groove” to refer to 
constructional reef, which has a completely 
different origin, with channels covered with 
live corals and a sand bottom. These should be 
properly called “buttress and canyon” topog-
raphy (Goreau 1956). These shallow spur and 
groove areas are not dead reef that has been 
recently overgrown by algae, instead they are 
made of older limestone, subject to very high 
wave stress, and have never had constructional 
coral reefs growing on them. Their widespread 
distribution suggests that the green water and 
algae dominated conditions at these sites has a 
long and continuous historic past, and is not a 
recent phenomenon. This has several important 
management implications. First, the dive sites, 
which are located in the clearest waters, were 
not selected simply because they are just the 
closest good dive sites among many pristine 
locations, but because the earliest dive opera-
tors did not find good dive sites elsewhere. 
As a result, there is little additional room to 
expand diving to if the best areas are damaged. 
This makes their protection from diver and 
anchor damage even more important. Second, 
it also indicates that many parts of TCI shallow 
water habitats have chronic excess nutrients 
of natural upwelling origin, and therefore that 
is even more crucial to prevent land-based 
sources of nutrients from contaminating the 
nearshore areas because there is already a high 
background of nutrients from offshore sources. 
The importance of upwelling was unexpected, 
and had not previously been identified apart 
from a description of sporadic upwelling in 
Goreau (1995). Gaudian and Medley (2000) 
had concluded that upwelling did not affect the 
TCI or the Bahamas. 

Turbidity: High turbidity from suspended 
sediments was noted in front of beaches exposed 
to waves, such as northern Providenciales, and 
in the reefs around the areas dredged for the 
cruise ship terminal on Grand Turk. A large 
area of reef down current from the terminal 
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appeared to have suffered greatly from exces-
sive sedimentation caused by dredging, with 
many corals dead on their tops and others 
still alive but covered with fine sediments and 
in poor condition. Reefs upcurrent were far 
less affected. This indicates that mitigation is 
needed for the damages to reef habitat caused 
by the dredging for the port. The area affected 
had been one of the highest live coral cover 
sites seen anywhere in TCI, and constitutes the 
best shallow water coral cover and potential 
shallow diving sites on Grand Turk. A rescue 
operation to remove the living, but damaged 
corals, and transplant them to a location nearby, 
but upcurrent of the sediment source from 
dredging and prop wash, would allow them 
to recover and form a new reef where there is 
now none, as well as protect Governor’s Beach 
from eroding. 

Shore erosion: High rates of shore erosion, 
indicated by an erosion scarp or cliff on the 
beach, trees falling into the sea, and defensive 
building of walls in front of buildings, was seen 
at the northeastern end of Providenciales, and 
at the northern end of Governor’s Beach, north 
of the Grand Turk cruise ship terminal. Given 
the extremely low lying nature of most of the 
TCI, and the fact that global sea level rise, cur-
rently 3 millimeters per year, will rise sharply 
as global warming causes increased melting of 
glaciers and ice caps and causes shallow ocean 
water to expand, while it increases hurricane 
strength and frequency, these areas of erosion 
may be a harbinger of much more erosion to 
come, and require a pro-active general strategy 
to protect the shorelines quite apart from their 
economic value as tourist beaches.

Aerial observations: 
Please see maps in online supplements for 

locations of islands discussed.

1.  There are a very large number of small 
patch reefs on the east Grand Turk Shelf 
that there was no time to look at during the 
field survey, although they look similar to 
those examined on the islands south east 

of Grand Turk, which forms the southern 
end of this zone, and those examined at the 
very northern barrier reef end. The water 
was distinctly greenish all over the shelf, 
and all the patch reefs are very dark brown, 
probably because of high brown algae 
cover, such as Lobophora, Sargassum, and 
Turbinaria. Several things can look dark 
brown from the air, including either healthy 
corals or masses of brown algae, and need 
to be confirmed by underwater observa-
tions. However it is pretty sure that these 
areas are largely algae lawns from our 
observations of similar appearing habitat 
in the islands southeast of Grand Turk, and 
the northern barrier reef, the two ends of 
the shelf. Were this live coral, the coral that 
would have dominated this habitat, elkhorn, 
is distinctively golden yellow brown, not 
dark brown. It therefore seems that all the 
entire east and north shelves of GT is algae 
covered, as Mitch Rollins, owner of one of 
the oldest dive shops on Grand Turk, had 
said when asked why there was no diving 
on those sides (Goreau 1995). 

2.  The water on the shelf off southeastern East 
Caicos, and the east side of South Caicos 
down to the point where the coast changes 
from north-south to east-west, was greenish, 
all the reefs were dark brown with algae, 
and the water was opaque enough that the 
drop off was not clearly visible from the 
air. It seems that these areas, which South 
Caicos fishermen said always have green 
water, have chronic upwelling conditions. 
On the other side of the point, the south 
facing shore of South Caicos, where we 
found the lowest algae, the water was clear 
and blue, and the drop off was clearly vis-
ible from the air. The aerial observations are 
completely consistent with field observa-
tions. The differences between green algae 
dominated sites and blue coral sites seems 
to be chronic, not due to some very recent 
upwelling episode that we had fortuitously 
ran into at the time. 

3.  The waters on the Caicos Bank are mostly 
very clear, almost all clean white sand, 
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with almost total lack of well developed 
sea grasses except near inhabited islands 
with nutrients from salina seepage, sew-
age, and conch and lobster processing 
plants dumping guts in the water. This 
distribution implies that they are nutrient 
limited (except perhaps near the mangrove 
areas of North and Middle Caicos). There 
seems to be a very clear gradient in sea-
grass lushness away from land implying 
the nutrients are land-derived. Seagrasses 
need much higher nutrients than coral 
reefs, and turn eutrophic (being overgrown 
by weedy algae) at nutrient levels much 
higher than those that kill coral habitats by 
algae overgrowth. Lapointe et al. (1994) 
have published hyper-eutrophication limits 
for seagrasses in Florida, at which they are 
smothered by weedy algae, 25 micromo-
lar Dissolved Inorganic Nitrogen and 0.4 
micromolar Total Phosphorus, or 25 and 
40 times higher than the value at which 
coral reefs become algae dominated. 

4.  The waters of Chalk Sound and the south 
side of Providenciales were amazingly 
clear and lacking in seagrasses despite 
high light levels. The channels had very 
clear and blue water. This implies very 
low nutrient loading. Because these very 
shallow waters are extremely vulnerable to 
massive algae overgrowth from nutrients, 
it is important to prevent any land-based 
sources to this area from underground 
seepage of septic tanks or fish processing 
wastes.

5.  There are morphologically separate shal-
low reef frameworks on the wave-breaking 
barrier north of the Bight, north of Grace 
Bay, and from Leeward Going Through 
Sound northeast to Water Cay. The waters 
off north Providenciales had greenish tints, 
and the drop off was not clearly visible, 
both north of the Bight, and in the area 
from Leeward Cut eastward, areas where 
we found high algae cover of shallow 
fore reefs. In these areas the shallow reef 
crest, where there is heavy breaking wave 
impacts and there is exposed old limestone 

hardground, appears pale from the air, due 
to waves scouring algae off the limestone 
hardground, but the outer shallow reef 
slope immediately in front of it is dark 
brown with algae. In sharp contrast to 
those sites, the reef in front of Grace Bay, 
lying right between them, where we found 
much less algae in both deep and shallow 
reefs, is pale in the whole front slope reef 
area, markedly lacking the dark brown 
algae covered areas on the shallow fore 
reefs on either side. The water was clearly 
bluer, and the drop off was visible from 
the air. This appears therefore to reflect 
a chronic and consistent difference in 
upwelling over a short distance. The plane 
also went towards North Caicos before 
turning. The same transition to clearer 
water and paler fore reef takes place again 
further east towards North Caicos. These 
sharp changes over short distances are 
surprising, but they seem meaningful. 

6.  It will be important to extend these obser-
vations throughout TCI. Aerial surveys 
and filming from a low flying air craft 
over the reefs all around Provo, Grand 
Turk, South Caicos, West Caicos, North 
Caicos, Middle Caicos, East Caicos, Salt 
Cay, and outlying islands to document pat-
terns of water clarity, color, and the color 
of the hardground fore-reef frameworks, 
if done on a very clear calm day, will be 
very valuable in identifying and mapping 
all areas subjected to localized upwelling. 
It appears that there is a very complex 
pattern of upwelling, probably linked to 
bottom orientation and topography, and 
we hypothesize that the thermocline depth 
varies considerably, making an oceano-
graphic study of upwelling, or at least of 
surface and deep temperature profiles, and 
mapping of nutrients, very desirable.

Nonparametric statistical data analy-
sis: overview: The 26 variables whose values 
were tabulated at all 47 sites were compared 
statistically, pair by pair at all sites, to contrast 
their rank order correlations, and the sign and 
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significance of the Pearson non-parametric 
rank order correlation coefficients were tabu-
lated (Table 1). A positive correlation coeffi-
cient means that when one variable increases, 
so does the other. A negative correlation coef-
ficient means that when one variable increases 
the other decreases. Statistically significant cor-
relations (S) have more than a 95% probability 
of being true, and less than a 5% probability 
of happening by chance. Strongly significant 
correlations (SS) have more than a 99% prob-
ability of being true and less than a 1% prob-
ability of happening by chance. very strongly 
significant correlations (vSS) have more than 
a 99.9% probability of being true and less than 
0.1% likelihood of happening by chance. 

When the entire matrix of 325 interactions 
between all pairs of ecological and environ-
mentally variables assessed in this study is 
examined, 19.69% of the relationships between 
variables are statistically significant, and 
80.31% are not. 64 interactions were statisti-
cally significant (41 of them positive (12.6%) 
and 23 of them negative (7.1%)). The break-
down by level of significance and sign is given 
in Tables 2, 3. 

Every single variable examined had at 
least one significant correlation with another 
variable, and some had many. The distribu-
tions of variables that have more significant 
interactions with other factors contain more 
information about the overall status of the 
reef than other less closely linked parameters. 
Because most of the interactions between vari-
ables were not significant, it is easier to see 
the structure of interactions between variables 
by presenting them in two diagrams (Fig. 2 
and 3), the first showing the positive interac-
tions, and the second showing the negative 
interactions. Significant interactions between 
variables are indicated by thin lines, strongly 
significant interactions by medium lines, and 
very strongly significant interactions by thick 
lines. In both of these diagrams the number of 
significant interactions of each variable is clear, 
and groups of variables that are strongly inter-
acting can be easily identified. These diagrams 
provide rich and often unexpected insight into 

how the ecological parameters are related to 
each other, and how they are related to envi-
ronmental variables, most of which could not 
easily be identified otherwise. In addition these 
linkages provide the basis for a simple dynamic 
simulation model that can be used to explore 
the results of changing any one variable on the 
others. These linkages are discussed in detail 
in the online supplements, along with plausible 
mechanisms to explain them. In some cases 
alterative explanations could also be proposed, 
but these seemed the most likely ones.

DISCUSSION

Coral disease patterns: Many long 
known correlations between variables, such as 

Fig. 2. Network of statistically significant positive cor-
relations between ecological and environmental variables 
emerging from the non-parametric data analysis. Thin lines 
indicate correlations significant at the 95% confidence 
level (P<0.05), medium lines indicate significance at the 
99% level (P<0.01), and thick lines at the 99.9% level 
(P<0.001).
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those related to intensity of land development 
nearby, are shown in the network of significant 
associations revealed by this data. Of special 
interest is the large numbers of statistically 
significant linkages between coral diseases and 
algae. These were wholly unexpected, since 
they could probably not been detected with 
intensive reef assessment methods, were not 
really noted in the field observations (previous 
sections), and emerged purely from the large 
scale data correlations at all sites. Previous 
studies had suggested possible links between 
certain diseases and certain algae, based on 
small-scale quadrat observations in Curacao 
(Nugues et al. 2004), and from experimental 
laboratory manipulations (Smith et al. 2006). 

But the specific correlations our study found 
were different from those had been proposed 
earlier. These TCI results suggest a specific 
range of algae to be tested as potential hosts 
for each disease. It shows little link between 
disease and development or pollution, which 
have often been pointed to as possible causes or 
promoters of disease. It also shows that several 
of these diseases correlate with each other, sug-
gesting they are affected by a common stress or 
group of pathogens. It is clear that much would 
be learned about conditions promoting spread 
these diseases if both large and small-scale 
studies were combined with microbiology, and 
much further research along these lines is need-
ed to test the hypotheses generated by the data 
analysis of this paper. Sewage has been pro-
posed to promote coral disease (Kaczmarsky 
et al. 2005), and this effect could be due to 
bacteria (Klaus et al. 2007), nutrients (Bruno 
et al. 2003), or organic carbon, all of which 
are high in sewage. Nutrients should directly 
affect autotrophs rather than heterotrophs or 
parasites. When nutrients and organic carbon 
are varied independently, organic carbon is 
found to increase disease spread, probably by 
providing food to bacteria, but nutrients alone 
are found to have no significant effect (Kuntz 
et al. 2005). While it seems intuitively obvi-
ous that human stresses should increase coral 
susceptibility to disease, the lack of strong 
linkages between coral diseases and indicators 
of human impact found in this study imply that 
the random distribution of pathogens in the 
water, not the “health” of the corals with regard 
to anthropogenic stress, is the dominant factor 
in explaining the patchy distribution of disease 
in both sites near and far from human impacts. 

Algae distributions: Little work has been 
done on reef algae community associations, but 
our results confirm that algae zonation is very 
well developed (Goreau 1992), and that there 
are characteristic species assemblages in many 
well characterized habitats, so that algae zona-
tion potentially reveals much more information 
about ecological patterns than coral distribu-
tions. Algae ecology has been traditionally 

Fig. 3. Network of statistically significant negative cor-
relations between ecological and environmental variables 
emerging from the non-parametric data analysis. Thin lines 
indicate correlations significant at the 95% confidence 
level (P<0.05), medium lines indicate significance at the 
99% level (P<0.01), and thick lines at the 99.9% level 
(P<0.001).
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TABLE 2
Matrix of Spearman rank order correlation coefficients between all pairs of variables. The triangular lower left half of 
the matrix gives the numerical value of the correlation coefficient. Numbers unmarked are not statistically significant 
(P>0.05), numbers marked by * are statistically significant at the P<0.05 level, numbers marked by ** are strongly 

statistically significant at the P<0.01 level, and numbers marked by *** are very strongly statistically significant at the 
P<0.001 level. The triangular upper right half of the matrix gives the sign of the correlation. Abbreviations given in text.

Coral 
Cover

Bare 
Cover

Padina Lobophora Stypopodium Sargassum Turbinaria Dicttyota Crustone

Coral Cover 1.00 + - - + - - + +

Bare Cover ***0.52 1.00 - - + - - - +

Padina 0.27 0.04 1.00 - + + + + -

Lobophora 0.02 0.12 0.07 1.00 + + + - -

Stypopodium 0.07 0.18 0.13 0.05 1.00 + - - +

Sargassum *0.34 0.13 **0.40 0.05 0.20 1.00 + + -

Turbinaria 0.27 0.09 0.08 *0.32 0.01 ***0.55 1.00 + -

Dictyota 0.08 0.02 0.08 0.03 0.06 0.21 0.19 1.00 +

Crustose Reds **0.44 **0.39 0.05 0.06 0.09 0.08 0.05 0.04 1.00

Branching Reds 0.05 0.11 0.04 0.11 0.12 0.21 0.23 0.04 *0.33

Laurencia 0.13 0.08 0.03 0.14 0.13 0.06 0.14 0.17 0.28

Microdictyon 0.06 0.06 0.20 *0.36 *0.33 0.08 *0.32 0.08 0.16

Cladophorpsis ***0.47 *0.30 0.20 0.21 0.11 *0.34 0.01 0.13 0.15

Calcareous Greens 0.11 0.17 0.06 0.11 0.23 0.06 0.13 0.08 0.27

Cyanobacteria 0.11 0.26 *0.34 0.25 0.22 0.03 0.11 0.16 0.03

Bleaching **0.41 0.11 0.22 ***0.50 0.07 0.14 0.13 0.01 0.25

White Plague **0.46 0.19 0.07 **0.38 0.10 0.14 0.13 0.19 *0.34

Black Band *0.29 0.08 0.20 0.17 0.16 0.01 0.20 0.12 0.04

Gorgonian Disease 0.20 0.13 *0.32 0.15 0.02 0.23 0.11 0.06 0.05

Exposure 0.05 0.17 0.07 *0.30 0.12 0.18 0.26 0.19 0.19

Depth ***0.69 *0.34 *0.35 **0.46 0.10 0.16 0.03 0.23 *0.31

Development 0.22 0.07 *0.33 0.11 *0.32 0.06 0.13 *0.31 0.11

Turbidity 0.10 0.09 0.25 0.11 **0.39 0.16 0.15 0.13 0.02

Green Water **0.40 **0.44 0.16 **0.39 0.10 0.28 0.14 0.09 0.17

Point Source 0.09 **0.38 0.19 0.09 0.28 0.03 0.20 0.00 0.25

Seepage 0.13 ***0.48 0.28 0.22 *0.36 0.02 0.03 0.25 0.21

* = p < 0.05.
** = p < 0.01.
*** = p < 0.001.
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TABLE 2 (Continued)
Matrix of Spearman rank order correlation coefficients between all pairs of variables. The triangular lower left half of 
the matrix gives the numerical value of the correlation coefficient. Numbers unmarked are not statistically significant 
(P>0.05), numbers marked by * are statistically significant at the P<0.05 level, numbers marked by ** are strongly 

statistically significant at the P<0.01 level, and numbers marked by *** are very strongly statistically significant at the 
P<0.001 level. The triangular upper right half of the matrix gives the sign of the correlation. Abbreviations given in text.

Branch 
Reds

Laurencia Microdictyon Cladophorpsis
Calc. 
Green

Cyan. 
Bacteria

Bleaching White Plague
Black 
Band

Coral Cover + - - - + - + + +

Bare Cover - - - - + - + + +

Padina - - + + - - - - -

Lobophora + + + - - + + + +

Stypopodium + + + - - - + + +

Sargassum + - + + - + - - +

Turbinaria + - + + - + + + +

Dictyota + - + - + - + + +

Crustose Reds + - - - + - + + +

Branching Reds 1.00 - + - - - + + +

Laurencia 0.01 1.00 - - + - + + +

Microdictyon 0.18 0.19 1.00 - - - + + +

Cladophorpsis 0.06 0.02 *0.29 1.00 + + - - -

Calcareous Greens 0.03 0.05 **0.45 0.25 1.00 + - + -

Cyanobacteria 0.04 0.10 0.03 0.13 0.17 1.00 - - -

Bleaching 0.19 0.06 0.21 0.21 0.14 0.02 1.00 + +

White Plague 0.14 0.01 0.17 **0.45 0.07 0.22 ***0.56 1.00 +

Black Band *0.30 0.06 0.19 *0.30 0.08 *0.37 *0.36 ***0.58 1.00

Gorgonian Disease 0.25 *0.29 0.16 0.15 0.12 0.13 0.23 **0.42 0.07

Exposure 0.13 0.10 *0.32 0.20 0.28 0.01 *0.32 0.06 0.05

Depth 0.10 0.18 0.14 **0.43 0.11 0.08 ***0.59 ***0.49 0.18

Development 0.00 0.28 0.07 0.01 0.06 0.04 0.02 0.08 0.02

Turbidity 0.07 *0.33 0.05 0.12 0.07 0.05 0.07 0.05 0.07

Green Water 0.14 0.23 0.11 0.24 0.23 0.08 0.10 0.06 0.02

Point Source 0.07 0.21 0.11 0.09 0.16 0.03 0.27 0.08 0.01

Seepage 0.01 0.12 0.07 0.15 0.02 0.04 0.04 0.10 0.06

* = p < 0.05.
** = p < 0.01.
*** = p < 0.001.
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TABLE 2 (Continued)
Matrix of Spearman rank order correlation coefficients between all pairs of variables. The triangular lower left half of 
the matrix gives the numerical value of the correlation coefficient. Numbers unmarked are not statistically significant 
(P>0.05), numbers marked by * are statistically significant at the P<0.05 level, numbers marked by ** are strongly 

statistically significant at the P<0.01 level, and numbers marked by *** are very strongly statistically significant at the 
P<0.001 level. The triangular upper right half of the matrix gives the sign of the correlation. Abbreviations given in text.

Gorgo 
Dis.

Exposure Depth Development Turbidity
Green 
Water

Point Source Seepage

Coral Cover + - + + + - - -

Bare Cover + + + - + - - -

Padina - - - + + + + +

Lobophora + + + - - + - -

Stypopodium - + + - - - - -

Sargassum - + - - + + - +

Turbinaria - + - - + + - +

Dictyota - - + + + - - +

Crustose Reds - + + - - - - -

Branching Reds - + + + - + + -

Laurencia + - - - - + - -

Microdictyon - + + + - + + -

Cladophorpsis - - - - + + + +

Calcareous Greens + - - - - - - -

Cyanobacteria + - + - - + - +

Bleaching + + + - - + - -

White Plague + + + + + + - -

Black Band + + + + + + + +

Gorgonian Disease 1.00 - + - + - - -

Exposure 0.19 1.00 + - - + - -

Depth 0.23 0.19 1.00 + - - - -

Development 0.05 *0.31 0.09 1.00 + - + +

Turbidity 0.10 0.16 0.06 ***0.59 1.00 + + +

Green Water 0.04 0.10 0.14 0.01 0.08 1.00 + +

Point Source *0.33 0.08 0.17 **0.45 0.14 *0.34 1.00 +

Seepage 0.23 0.24 *0.32 ***0.51 *0.30 0.20 0.41 1.00

* = p < 0.05.
** = p < 0.01.
*** = p < 0.001.
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been given short shrift, or ignored, in most reef 
assessment, which in effect amounts to throw-
ing out the richest and most diagnostic set of 
data. Furthermore the data reveals a wealth of 
both positive and negative interactions between 
many algae species. These presumably result 
from competitive, parasitic, commensal, or 
exclusionary allellopathic interactions that 
have not been described. Much further research 
is warranted to test the hypotheses generated 
in this paper and ascribe sound mechanisms 
that could explain them. In addition the data 
reveals those algae species whose abundances 
are negatively correlated with coral abundance, 
indicating that these are the most effective at 
overgrowing and killing corals.

Upewlling: The role of upwelling in pro-
moting high nutrient backgrounds and algal 
dominance in areas remote from human nutri-
ent impacts or of fishing strongly supports 
the primary role of nutrients in controlling 
algae productivity, and indicates that many 
areas that are “pristine” in the sense of having 
little human impact may not have healthy coral 
reefs. Therefore more stringent controls on 
land-based nutrient sources are needed wher-
ever there are high backgrounds. The areas 
of upwelling appear to be systematic and are 
interspersed with areas of lower algae and blue 
water,. Much work needs to be done on hydro-
dynamic-topographic controls over upwelling 
to identify the areas affected. 

Our conclusions are:

1. Live coral cover is declining: Dead 
coral exceeded live coral at all sites, often by 
very large amounts. The best reefs had about 
40% live coral cover, but even there dead coral 
was more abundant than live coral and some of 
these sites had been observed to have up to 70% 
live coral cover 11 years before (Goreau 1995). 
Large areas of shallow reef framework seem 
to have died from White Band Disease around 
1979, and have shown little signs of recovery 
since. Progressive mortality appears to be 
underway from episodes of coral bleaching, 
coral diseases, algae overgrowth, and in some 
locations near dredging, from excessive tur-
bidity. The result is a continuing decline in 
biodiversity, shore protection, fisheries habitat, 
and ecotourism environmental services. Even 
though many sites still have better coral cover 
than most Caribbean reefs, this is no cause for 
complacency because progressive decline is 
visible everywhere.

2. Most TCI reefs are algae dominated: 
Healthy growing coral reefs are dominated by 
corals, and algae-dominated reefs are unable 
to keep up with erosion and sea level rise. An 
algae-dominated reef should be called precisely 
that, and not confused with a healthy coral reef, 
because it cannot serve the same shore protec-
tion, biodiversity, or fisheries habitat roles. 
Because most current coral reef researchers 
have never seen healthy reefs, there is now 

TABLE 3
Summary of the frequency of positive and negative correlations by their degree of statistical significance

DEGREE OF SIGNIFICANCE POSITIvE NEGATIvE

very strongly significant >99.9% 10 2

Strongly significant >99% 11 7

Significant >95% 20 14

Not Significant <95% 130 131
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a common practice of describing reefs as 
“healthy” even when they have very little live 
coral. For example vroom et al. (2006) exam-
ined Pacific reefs with very low coral and very 
high algae cover that were regarded as being 
very healthy coral reefs on grounds of their 
remoteness from human activity. However 
most of their sites had very green water, as is 
made clear by their photographs, 91% of which 
show water as green as the greenest found in 
TCI. Deep Pacific waters have around twice 
the nitrate and phosphate concentration of deep 
Atlantic waters, and so shallow reef areas in 
the Pacific are even more vulnerable to high 
nutrient loading, especially in areas with very 
shallow thermoclines subject to wind-driven 
upwelling. Much of the current reef literature 
suggests that algae-dominated conditions are 
simply “an alternative stable state” or “phase 
shift”, from which “resilient” coral reefs will 
bounce back by themselves, and algae domi-
nated conditions are often blamed on fisher-
men, who are claimed to have eaten all the 
algae eating fish, or on sea urchin diseases. 
None of these “explanations” fit the situation 
in TCI. TCI has some of the least overfishing 
in the Caribbean, and the algae domination 
has little or no relationship to protection from 
fishing or absence of herbivorous fish. The high 
algae abundance preceded the epidemic die off 
of Diadema antillarum sea urchins in 1983 
according to the oldest divers. Diadema was 
found to be abundant at some sites, and all of 
these had high algae cover, so they were clearly 
not controlling the algae and could not explain 
low algae cover at sites with no Diadema. The 
only plausible explanation for the high abun-
dance of algae at most sites in TCI is an excess 
of nutrients. There is no evidence of algae-
dominated reefs reverting to coral dominated 
reefs except for those few cases where all land-
based sources of nutrients have been eliminated 
(Goreau 2003). This is possible only where 
land-based sources of nutrients dominate, but 
not in places where upwelling is the major 
source. Ocean fertilization, as (incorrectly) pro-
posed by some as a carbon sink, would make 
the reef algae problem worse. 

3. There is a very high incidence of 
coral disease: Severe, but patchy, epidem-
ic outbreaks of infectious coral diseases are 
underway, with White Plague, Black Band 
(apparently combined with White Plague), and 
Gorgonian Disease being the major ones in TCI 
at this time. These diseases typically spread 
faster during warm seasons, and may have been 
in the early stages when examined. The survey 
data gave a clear indication that many of these 
diseases are correlated with the abundance of 
certain algae species, lending strong circum-
stantial support to suggestions that some algae 
may serve as a reservoir for coral pathogens 
(Nugues et al. 2004; Smith et al. 2006). Many 
sites with high disease had not had them when 
previously surveyed by DECR personnel. In 
contrast, Riegl et al. (2003) found low diseases 
at most sites in 1999, with a maximum of 13% 
at two sites on South Caicos, no difference 
between shallow and deep areas, exposed and 
sheltered areas, and very low disease in Grand 
Turk. Most disease they saw was White Plague, 
very little Black Band, and they reported neg-
ligible gorgonian disease. They also found low 
amounts of recent coral mortality. The rapid 
recent spread of coral diseases is a matter of 
great concern, and it will be important to under-
stand the factors involved for there to be any 
hope of minimizing their impacts.

4. Coral bleaching is a major near term 
threat: There have been several serious coral 
bleaching episodes in TCI, and partial bleach-
ing and partial mortality from recent and 
past bleaching episodes were clearly visible. 
Bleaching has become a chronic, nearly annual, 
event in the last 10 years. Only very small 
further rises in sea surface temperature or one 
unusually hot year could cause serious coral 
mortality any year now. 

5. There is a high natural nutrient back-
ground: While brief episodes of green water 
conditions have long been known to div-
ers, there is clear evidence from fishermen 
that many sites in TCI have chronic green 
water conditions, and the distribution of algae 
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suggests that there are sites that have consistent 
upwelling, and others where it is always much 
rare. Upwelling not only causes green water 
conditions, it is a source of high nutrients from 
deep cold water that cause chronic blooms of 
benthic algae, preventing coral settlement or 
recovery from coral disease epidemics. The 
observations strongly suggest that many, pos-
sibly most, TCI shelf edge reefs suffer from 
chronic high nutrient backgrounds, and that 
due to local circulation patterns, these upwell-
ing events are much more frequent at some 
sites than others. This means that there are 
probably not many high quality unutilized dive 
sites that could be used if the current tourist 
dive sites are damaged from overuse.

6. It is crucial to control land based 
sources of nutrients: Land-based sources of 
nutrients have clearly caused a spread of algae 
over many shallow reefs used for snorkel-
ing and fishing near populated areas. Several 
shallow inshore areas in Grand Turk that were 
previously dominated by clean white limestone 
rock (Goreau 1995), were algae covered in 
2006. Because of the high natural nutrient 
background caused by upwelling, TCI waters 
are highly vulnerable to eutrophication (nutri-
ent-caused proliferation of weedy algae), and 
only very small increases in land-based sources 
of nutrients can trigger massive algae over-
growth of entire reefs (Goreau 1992, Goreau 
and Thacker 1994, Lapointe et al. 1994, 2004, 
Lapointe 1997, Goreau 2003). TCI cannot 
afford to be complacent that it is less vulner-
able to eutrophication than other Caribbean 
islands, such as Jamaica, that have much higher 
populations, rainfall, and hydraulic gradients. 
In those islands, the thermocline is much 
deeper, and natural offshore backgrounds of 
nutrients are lower than in TCI, which sits in an 
area of shallow thermoclines and higher deep 
Atlantic nutrient levels. Control of land-based 
sources of nutrients is even more crucial in 
TCI because off the higher natural background 
nutrient levels.

8. Damage to shallow reefs and sea level 
rise pose major medium term erosion risks: 
The dead elkhorn reef frameworks that pro-
tected much of the TCI coastline prior to 1979 
is slowly being broken apart by hurricanes and 
bio-eroding sponges, clams, worms, algae, and 
fungi, and new settlement and growth is far 
too low to replace them. While at the moment 
beach erosion is confined to a few relatively 
limited sites, global sea level rise, now 3 mm a 
year, but due to rise rapidly in coming decades, 
coupled with increasing hurricane strength and 
frequency, is medium term threat to TCI beach-
es that requires a pro-active strategy to protect 
the beaches and low lying developed areas.

9. Coral reef restoration is important for 
long term sustainability of tourism, fisheries, 
and shore protection: Long term maintenance 
of the ecosystem services that only healthy 
coral reefs can provide, in the face of accel-
erating threats to corals from local, regional, 
and global stresses, means that relying on the 
reefs to come back by themselves, as they did 
after past hurricanes and shipwrecks, will no 
longer work. Future management will require 
active strategies to restore critical reef areas by 
reducing stresses to reefs and actively growing 
corals using methods that increase their growth 
rate, their resistance to environmental stress, 
and their quality for fish and shellfish habitat 
(Goreau & Hilbertz, 2005).

Policy recommendations for TCI based on 
these conclusions are presented in the online 
supplements.

ACKNOWLEDGMENTS

We thank the entire staff of DECR for 
assistance with office and field work and 
logistics that made this study possible. We 
thank the dive operators for discussion on 
long-term change in TCI reefs, especially Art 
Pickering, Algrove Alexander Smith, Mitch 
Rollins, Everette Freites, and Michael Clarke. 
In particular we thank Wesley Clervaux, Brian 



47Rev. Biol. Trop. (Int. J. Trop. Biol. ISSN-0034-7744) Vol. 56 (Suppl. 1): 25-49, May 2008

Riggs, and the boat captains and staff. We 
thank the entire Reef Check TCI Team for 
independently cross checking the accuracy of 
the visual bottom cover estimates.

RESUMEN

La salud de los arrecifes coralinos de las Islas Turcas 
y Caicos (uno de los mejores sistemas arrecifales en la 
región) es vital para su bienestar económico y ambiental. 
Los métodos tradicionales de evaluación proporcionan 
relativamente poca información porque cubren un área 
muy pequeña para caracterizar con precisión complejos sis-
temas arrecifales, no pueden captar integralmente pautas a 
gran escala y además la alta variabilidad espacial intrínseca 
de los arrecifes inhibe la capacidad de los datos obtenidos 
en pequeñas áreas para identificar cambios o causas. Las 
investigaciones espacialmente extensivas suministran más 
información, sobre áreas mayores y en menos tiempo que 
las intensivas, revelando gradientes a gran escala que los 
métodos intensivos son inherentemente incapaces de iden-
tificar y brindan un nuevo paradigma que pudiera usarse 
ampliamente para el manejo ambiental, con mayor efecti-
vidad económica. A principios de junio de 2006 se llevaron 
a cabo investigaciones extensivas, evaluándose 26 paráme-
tros ecológicos y ambientales en 47 sitios arrecifales a lo 
largo de las Islas. Se puso especial énfasis en identificar las 
diferentes zonas de algas a lo largo de gradientes ambien-
tales. Los datos obtenidos están siendo utilizados para 
desarrollar estrategias nacionales de manejo de la calidad 
de agua y de restauración de corales.

Palabras clave: Evaluación ecológica de arrecifes cora-
linos a gran escala, análisis de gradientes ambientales, 
manejo de zonas costeras, zonas de algas, sistemas de 
comunidades coralinas, enfermedades, blanqueamiento.
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