
Vol. 143: 165-171,1996 
MARINE ECOLOGY PROGRESS SERIES 

Mar Ecol Prog Ser 
Published November 14 

The importance of sampling scale in ecology: 
kilometer-wide variation in coral reef communities 

Peter J. Edmunds*, John F. Bruno** 

Department of Biology. California State University, 18111 Nordhoff Street. Northridge, California 91330, USA 

ABSTRACT: Observations along the north coast of Jamaica in 1994 suggested that areas of relatively 
high coral cover and high coral diversity occurred adjacent to reefs that have been in decline since 
1980. This study was carried out to quantify these observations, to determine whether similar variation 
occurs elsewhere in the Caribbean, and to draw attention to the significance of kilometer-wide varia- 
tion in coral reef community ecology. The fore reef (10 m depth) of Discovery Bay, Jamaica, had <3% 
coral cover, 12 species of scleractinians and >60% macroalgae cover and appeared typical of a highly 
degraded Caribbean reef. However, neighboring reefs (<9 km away) in the same reef zone and a t  the 
same deplh had up to 19 species of scleractinians, significantly higher coral cover (5 to 23 %) and lower 
macroalgae cover (10 to 39%).  Three reefs along the south coast of St. John, US Virgin Islands (10 m 
depth),  which are protected within a National Park, displayed comparable kilometer-wide variation in 
coral cover (3 to 33%) and macroalgae cover (22  to 33%). The abundance of juvenile corals also dis- 
played similar levels of kilometer-wide variation withln both Islands. These results demonstrate that 
several measures of coral reef community structure are h~gh ly  variable over a spatial scale of kilo- 
meters; further study of these patterns may prove valuable In discerning the causes and consequences 
of coral demise. The existence of such large-scale varlat~on emphasizes the importance of careful 
choice of sampling scale in the design and interpretation of monitoring programs in community ecology. 
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INTRODUCTION 

The effect of sampling scale on the observed pat- 
terns of community structure has become a central 
issue in community ecology (Wiens 1989, Allen & 

Hoekstra 1990, Menge & Olson 1990, Levin 1992) that 
has attracted explicit attention and lively debate (Fos- 
ter 1990, Paine 1991). These developments have been 
driven by studies in which the conclusions are affected 
by the scale of observation (Wiens 1989, Levin 1992), 
together with evidence that some biological phenom- 
ena are scale-independent (Aronson 1994). Although 
few studies have specifically examined a single 
process across several scales (see Aronson 1994, Ward 
& Saltz 1994), the extrapolation from small- to large- 
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scale processes, without explicit sampling at the larger 
scale, is commonplace (Wiens 1989, Levin 1992). This 
problem has become more acute with the growing 
interest in temporal changes in community structure 
(Roemmich & McGowan 1995) and their possible rela- 
tionship with anthropogenic effects (e.g. Smith & 
Buddemeier 1992). As a result, there is a growing pen- 
chant to extrapolate local studies to imply regional 
consequences (e.g. Barry e t  al. 1995) without address- 
ing the spatial heterogeneity inherent in many eco- 
systems. Similar questions of scale are particularly ger- 
mane to studies of tropical coral reefs (Jackson 1991), 
where scientists have long sought to explain patterns 
of diversity and community structure (Karlson & Hurd 
1993), and to determine the significance of natural and 
anthropogenic disturbances (Grigg & Dollar 1991). 

Tropical coral reefs are often affected by a variety of 
destructive phenomena such as storms (Connell 1973, 
Woodley et al. 1981), physiological stress (Glynn 1993) 
and diseases (Gladfelter 1982). As a result, descrip- 
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tions of declining reef health are commonplace (Wil- 
kinson 1992, Ginsburg 1994), and there can now be lit- 
tle doubt that many reefs have recently experienced a 
drastic reduction in coral cover and richness (Brown 
1987, Porter & Meier 1992, Ginsburg 1994, Hughes 
19g4), and a concom~tant increase in al.ga1 cover (La- 
pointe 1989). However, the causes and consequences 
of changing reef communities remain contentious, par- 
ticularly whether they are of natural or anthropogenic 
origin (Brown 1987), or whether the persistence of scle- 
ractinian corals through geological time and historic 
disturbances (MacIntyre 1988. Jackson 1992) should 
alleviate or accentuate concern. 

The temporal and spatial scale of observation has 
been central to arguments of the significance of recent 
changes in coral reef community structure. While reefs 
appear to be more susceptible to disturbances and 
unpredictable on a time scale of decades (Liddell & 

Ohlhorst 1992), some are known to persist over mil- 
lennia (Jackson 1992). Similarly, although patterns and 
processes are often patchy on coral reefs (Grassle 1973, 
Edmunds & Witman 199l),  'ecological anarchy' (Jack- 
son 1991) over a quadrat scale can be replaced by 
order when larger scales are examined (Jackson 1991, 
Aronson & Precht 1995). The interpretation of changes 
In coral community structure is made more complex by 
biases introduced by the selection of high coral cover, 
diverse and healthy reefs at the start of the monitoring 
program which can only remain unchanged or deterio- 
rate once the study is initiated (Hughes 1992). 

Studies of disturbance, stability and change on coral 
reefs are beginning to utilize landscape (>104 m2; 
Aronson & Precht 1995), regional (Wilkinson & Che- 
shire 1988, Edmunds e t  al. 1990, Done 1992, Hughes 
1994), decadal (Liddell & Ohlhorst 1992, Dollar & Trib- 
ble 1993, Hughes 1994) and millennia1 (Jackson 1992) 
scales to ma.ke general statements concerning trends 
in reef structure and function. However, as a result of 
design, local history or chance events such studies 
often emphasize the decline of previously healthy and 
well documented reefs without discussing the signifi- 
cance of remaining patches of relatively healthy reef. 
In 1994 we were impressed by the contrasts between 
descriptions of Caribbean-wide reef decline (e.g. 
Porter & Meier 1992, Ginsburg 1994) and 0u.r own 
observations in St. John, US Virgin Islands and on 
reefs adjacent to Discovery Bay, Jamaica, where we 
found communities with comparatively high coral 
cover, high species richness and abu.ndant juvenile 
corals. Our observations on the fore reef of Discovery 
Bay were similar to those previously recorded from the 
same site (Hughes 1994, Andres & Witman 1995), but 
our observations on adjacent reefs suggested that con- 
siderable spatial variation in coral community struc- 
ture was present over a scale of kilometers. Although 

spatial variation in reef communities has been de- 
tected in many studies (e.g. Rogers 1992, Aronson & 
Precht 1995, Bak & Nieuwland 1995), including the 
extensive surveys of Hughes (1994) along 300 km of 
the Jamaican coastline, the significance of spatial 
effects has received little explicit attention in coral 
ecology; it is possible that such variation might have 
considerable value in understanding the causes of 
change in reef community structure. Therefore, our 
goals in this study are to draw attention to: (a)  the exis- 
tence of a high degree of variation in coral community 
structure on a kilometer-wide scale, and (b) the signif- 
icance of such spatial variation for coral reef ecology in 
particular, and community ecology in general. These 
goals are achieved through an among-site comparison 
of coral community structure using data collected 
specifically for this project, combined with data origi- 
nally collected for other purposes. 

MATERIALS AND METHODS 

Field work was completed between May 1994 and 
January 1995 along the north coast of Jamaica and the 
south coast of St. John using facilities at the Discovery 
Bay Marine Laboratory (DBML) and the Virgin Islands 
Ecological Resource Station (VIERS), respectively. In 
Jamaica, 4 sites (10 m depth) were surveyed along 
-9 km of coastline extending to the east of Discovery 
Bay (Fig. 1). These sites were selected, to encompass 
the variation in community structure we had observed 
in 1994: Mooring One (Ml)  was chosen as representa- 
tive of the low cover, fore reef community at Discovery 
Bay (e.g. Andres & Witman 1995), and because it is 
<300 m from sites used in previous surveys (Liddell & 
Ohlhorst 1987, Hughes 1994, Andres & Witman 1995); 
Blowing Rocks (BR), Dairy Bull (DBL) and Silver Spray 
(SS) were chosen because previous observations sug- 
gested that these locations (Fig. 1) had relatively high 
coral cover and high coral richness compared to M1. 
Community structure was also quantified at 3 sites at 
10 m depth in St. John, 1 at our long term site at Yawzi 
Point (YP) (Edmunds & Witman 1991) and 2 others 
chosen using random map coordinates between White 
Point and Ram Head [Wh~te  Point (WP) and West 
Tektite (WT); Fig. l ] .  Five additional sites were hap- 
hazardly selected on shallow reefs (6 m depth) within 
the same area, and these were used to quantify the 
abundance of juvenile corals (Fig. 1) .  

Community structure was estimated with either a 
photographic or a point-intercept method (modified 
from LiddeIl & Ohlhorst 1987) to determine the per- 
centage of the reef occupied by macroalgae and scler- 
actinian corals. Photoquadrats were recorded using a 
Nikonos V (with a 28 mm lens and strobes) mounted on 
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N dom along each line was identified. The percentage of 
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Fig. 1 Study sites along the north coast of Jalnalca and the 
south coast of St. John, US V~rgin  Islands Jamalca (~s l and  
scale bar - 50 km, all sites at  10 m depth) BR = Blowing 
Rocks, DBL = Dairy Bull, M1 = Moonng One and SS : Silver 
Spray. St. John (island scale bar = 5 km) 10 m depth sites: 
KIP = Whlte Polnt, WT = West Tektite, YP = Yalvzl Point; 
6 m depth sites DBT = Donkey Bight, EC = East Cabritte, 
ET = East Tektlte, WP - White Point, WR = West Ram Head. 

* Locatlon of manne laboratories 

1 of 2 framers that allowed either 0.25 m2 or 0.75 m* of 
reef to be recorded with a single exposure. The small 
framer was used to photograph quadrats at random 
positions along 20 m transects haphazardly placed 
along the 10 m contour at M1, DBL and SS in J a m a ~ c a  
(36 quadrats site-') and WP and WT in St. John (17 
quadrats site-'). The large framer was used to photo- 
graph 10 quadrats positioned along each of 3 parallel 
10 m transects at YP (total of 30 quadrats). Substrata 
were quantified by projecting the slides onto a screen, 
overlaying the image with a grid of 200 random dots, 
and counting the proportion of the dots that landed on 
each substratum. Community structure at  BR, Jamaica, 
was determined with the point-intercept method. This 
method was also used at M1 to determine whether the 
point-intercept and the photographic methods yielded 
comparable results. At each site, five 10 m transects 
were placed at random along the 10 m depth contour, 
and the substratum beneath 100 points selected at ran- 

the substratum occupied by scleractinian corals and 
macroalgae was compared among sites using a non- 
parametric Kruskal-Wallis test because of the variation 
in methodology and sample size 

The density of coral recruits was estimated from the 
abundance of juveniles surveyed at 4 sites in Jamaica 
(10 m depth) and 5 s ~ t e s  in St. John (6 m depth).  Juve- 
niles were defined as colonies with a maximum dia- 
meter 5 4  cm which were ~ 3 . 5  yr old (Bak & Engel 
1979); these were identified to genus since species 
identifications were unreliable. Juveniles were sur- 
veyed in quadrats randomly positioned along 20 m 
transect lines, and were counted wherever they were 
visible without removing algae. Forty 0.25 m* quadrats 
were used at  all sites except BR, where eight 1.0 m2 
quadrats were randomly positioned along a 20 n~ tran- 
sect line. The abundance of juveniles was compared 
among sites, within islands with a l-way ANOVA. 

To gain further insights to coral community struc- 
ture, scleractinlan species richness ( S )  was determined 
as the asymptote to the curves obtained by plotting the 
cumulative species number against the number of 
quadrats surveyed. This analysis was only completed 
at M1, DBL and SS In Jamaica, where the same photo- 
graphic methods were used and comparative data 
were available from adjacent reefs (Huston 1985). A 
slmilar approach was used to determine the generic 
richness (G) of the juvenile population for the same 3 
sites in Jamaica, together with the 5 shallow (6 n~ 
depth) sites in St. John (Fig. 1 ) .  

Because of their potential role as important herbi- 
vores throughout the Caribbean (Carpenter 1986), the 
density of Diadema antillarum was measured by 
counting the number of urchins within 2 X 20 m band 
transects (n = 3 site-') at  M1, DBL and BR in Jamaica. 
Both crypt~c  and conspicuous urchins were counted, 
and all transects were surveyed at  11:OO h to reduce 
the effects of die1 variation in urchin abundance. 
Urchin densities were compared among sites with a 
l-way ANOVA. 

RESULTS 

The qualitative observations of variation In coral and 
macroalgal cover on the reefs adjacent to Discovery 
Bay were substantiated by quantitative analyses 
(Fig. 2). Coral cover varied by a factor of 11.5 (2 to 
23%) and macroalgae cover by a factor of 6.2 (10 to 
62%) within 9 km of the Discovery Bay fore reef, and 
both categories were significantly different among the 
4 sites (coral: H = 54.322, df = 3, p < 0.001; macroalgae: 
H = 66.842, df = 3, p < 0.001). The determinations of 
coral and macroalgae cover did not vary between 
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Fig. 2 Community composition of reefs at 10 m depth in 
Jamaica and St. John. Mean + SD shown for the percent cover 
of each substratum category, as calculated on untransformed 

data. Site codes as in Fig. l 

methods at M1 (Mann-Whitney U-test: U 2 141, df = 1, 
p > 0.05), demonstrating that similar results were ob- 
tained from the photographic and the point-intercept 
methods. 

The magnitude of the differences in community 
structure among the 3 sites surveyed at 10 m depth 

Jamaica 
I 1 Coral L Macroalgae 

in St. John (Fig. 2) was similar to that observed in 
Jamaica. Coral cover varied by a factor of 11.0 (3 to 
33%) and macroalgae cover by a factor of 1.5 (22 to 
33 %) within 1 km of Yawzi Point. Although the percent 
cover of coral was significantly different among sites 
(Kruskal-Wallis test: H = 34.217, df = 2, p = 0.001), the 
percent cover of macroalgae was not (Kruskal-Wallis 
test: H = 0.316, df = 2, p > 0.05). 

The abundance of juvenile corals (pooled for all 9 
sites) varied between 0 and 22 per 0.25 m2 (0 and 
51 per 1.0 m2 quadrat at  BR in Jamaica). These data 
provide within-island estimates of juvenile abundance 

St. John 

O L  

1 B Jamaica: juvenile richness 
17 

I 

''1 C. St. John: juvenile richness 

10 20 30 40 

Number of Quadrats 

Fig. 4. Cumulative coral taxa encountered versus sampling 
effort for individual sites, within islands: (A) species richness 
(S) of adults in Jamaica (10 m depth), (B) generic richness (G) 

ranging between 5.2 ? 0.8 and 17.9 + 1.8 juveniles of juveniles in Jamaica (10 m depth), and (C) generic rich- 
ness in St. John (6 m depth). Cumulative richness shown by 

m-2 a t  the sites in and * to * quadrat as encountered in the held, note difference in scale 
2.3 juveniles m-' at the 5 sites in St. John (all means of G axis in (B) and (C). Site codes as in Fig. 1 
k SE; Fig. 3). Juvenile abundance was significantly dif- 
ferent among sites in Jamaica (F = 54.745; df = 3,140; 

p < 0.001), with M1 having the fewest juve- 

25 - - 25 niles (Fig. 3), and in St. John (F = 3.480, 
Jamaica*** St. John*' df = 4,195; p < 0.01). 

20 - The species and generic richness curves 
for the adult and juvenile scleractinians, 
respectively (Fig 4 ) ,  approached horizon- 
tal asymptotes at all sites, suggesting that 
estimates of richness were close to the 
actual values. Between 12 and 19 species 

I I I 

M1 BR DEL SS WP DBT ET EC WR of adult scleractinians were found at the 
Site Site 3 Jamaican sites which ranked as SS > 

DBL > M1 by richness. When compared by 
Fig. 3. Abundance of juvenile corals on reefs in Jamaica (10 m depth) and generic richness, more genera of juvenile 
St. John (6 m depth). Mean + SE shown. n = 40 quadrats (0.25 m') at each 
site except BR where n = 8 (1.00 m' quadrats). Juvenile densities were corals were found at SS (G = 11) than the 

significantly different among sites in both islands (ANOVA, "'p < 0 001, other 2 sites ( G =  7 at M1 and DBL), and a 
"p 0 01). Site codc3s as in Fig. 1 higher richness was found in Jamaica [G = 
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8.3 * 1.3 (mean + SE, n = 3); 10 m depth] than St. John 
[G = 6.6 * 0.4 (n = 3); 6 m depth], where between 6 and 
7 genera were found at all 5 sites (Fig. 4). Mean densi- 
ties of Djadema antillarum were 0.0 + 0.0, 1.6 0.3 and 
2.1 * 0.6 urchins m-' at M1, DBL and BR, respectively 
(*SE, n = 3 at  each site). These densities were signifi- 
cantly different when compared among sites (F = 

7.522; df = 2,6; p < 0.05). 

DISCUSSION 

The dynamics of coral reef communities are  now 
being studied throughout the tropics, and  evidence of 
striking reductions in coral cover and richness has 
been recorded in many locations (Ginsburg 1994; see 
also citations in the 'Introduction'). Although many 
studies have also recorded a high degree of spatial 
heterogeneity in coral community structure, this level 
of variation has received little attention. As a result, we 
believe that investigations of the causes of reef decline 
may be overlooking potentially significant information 
available from an analysis of kilometer-wide variation 
in coral community structure. 

The results of our surveys on the fore reef of Dis- 
covery Bay are concordant with those of Liddell & Ohl- 
horst (1992), Hughes (1994), Andres & Witman (1995) 
and many others for the same location. Clearly, this 
reef is now profoundly different from the reefs along 
the north coast of Jamaica first described by Goreau 
(1959), and from reefs at  Discovery Bay as recently a s  
1980 (Liddell & Ohlhorst 1992, Hughes 1994). How- 
ever, adjacent reefs at  10 m depth have 5 to 23% coral 
cover, 19 species of scleractinians and 10 to 39% 
macroalgae cover. Coral cover at  these sites is less than 
that recorded at  the same depth on adjacent reefs 
prior to 1980 (42 to 75%; Huston 1985, Hughes 1994), 
although species richness is higher than on the Discov- 
ery Bay fore reef in 1977 (10 m depth; Huston 1985) 
and 1980 (15 m depth; Liddell & Ohlhorst 1987). Simi- 
lar magnitudes of spatial variation were found in the 
distribution and generic richness of juvenile corals. For 
example, juveniles were rare at  M1 (5 juveniles m-2) 
where the lowest coral and highest macroalgae cover 
were found, but they were more than 3 times a s  abun- 
dant at the other 4 sites (15 to 18 juveniles m-2). Similar 
spatial variation in coral community structure was also 
found in St. John. Since the St. John sites are located 
within the Virgin Islands National Park and are rela- 
tively free of anthropogenic disturbances, including 
unregulated fishing (Rogers & Teytaud 1988), they de- 
monstrate that kilometer-wide variation in community 
structure can be found irrespective of whether reefs 
are  exposed to the severe anthropogenic effects impli- 
cated by the demise of Jamaican reefs (Hughes 1994). 

Although benthic communities can be sampled at 
almost any scale, recent studies of Jamaican reefs have 
focused on a single study site, with a scale of tens of 
meters (Andres & Witman 1995), or a whole island 
study with multiple-site sampling on a scale of tens of 
kilometers (Hughes 1994). The present study quanti- 
fied reef structure on a kilometer-wide scale by com- 
paring reefs < 9  km apart, and by repeating the analy- 
ses on 2 Caribbean islands differing in extent of 
anthropogenic influence. The studies of Andres & Wit- 
man (1995) and Hughes (1994) both described patterns 
of low coral cover (<5%) and  high macroalgae cover 
on Jamaican reefs, although 1 site surveyed by Hughes 
(1994) had -20 % coral cover. In contrast, sampling on 
a scale larger than that used by Andres & Witman 
(1995) and smaller than Hughes (1994) revealed con- 
siderable variation in coral community structure in 
Jamaica and St. John; coral and macroalgae cover, 
coral recruitment, and adult and juvenile richness 
were all highly variable among adjacent reefs. Fur- 
thermore, Diadema densities ranged from being com- 
pletely absent to values approaching those recorded 
throughout the Caribbean prior to 1983 (Bauer 1980). 
To determine the significance of these findings, the 
mechanisms underlying the observed patterns 111ust 
now be elucidated (sensu Levin 1992). 

Kilometer-wide variation in reef community struc- 
ture could be driven by several related factors in- 
cluding local history, different rates of change of com- 
m u n ~ t y  structure and the patchy effects of stochastic 
events such as  disturbances and larval recruitment. 
More than 1 factor may determine kilometer-wide 
patterns of coral and  macroalgae cover, and different 
processes could control reef structure on different 
spatial scales. In Jamaica it is unclear how much varia- 
tion existed among adjacent reefs in the recent past, 
but some records suggest it was considerable. For 
example, Huston (1985) surveyed reefs around Dis- 
covery Bay in 1977 and found 42% cover on the west 
fore reef and 27% cover on the east fore reef at  10 m 
depth.  Since these analyses were completed prior to 
Hurricane Allen in 1980 (Woodley et  al. 1981) and the 
Diadema die-off of 1983 (Hughes e t  al. 1985), they 
demonstrate the existence of spatial variation in fore 
reef communities prior to the start of the general 
decline of reefs along the north coast of Jamaica 
(Hughes 1994). 

Spatial variation could also result from individual 
reefs being affected by the same processes functioning 
at different rates or by different processes. Severe dis- 
turbances caused by storms (Woodley et  al. 1981), the 
removal of herbivores by overfishing (Russ 1991) or the 
catastrophic effects of disease on ecologically impor- 
tant species such as  Diadema antillarum (Lessios et  al. 
1984) or Acropora palmata (Gladfelter 1982) a re  more 
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likely to impact large areas of reef in a uniform way. 
Alternatively, similar processes of lesser magnitude. 
such as localized disease outbreaks (Peters 1984) or 
shoaling and refraction of storm waves (Kjerfve et al. 
1986), might affect adjacent reefs in a dissimilar fash- 
ion, thereby creating substantial spatial heterogeneity 
in community structure. Variation in recruitment rates 
might also lead to spatial variation in community struc- 
ture (Gaines & Roughgarden 1985) either independent 
of, or together with, the effects of disturbance events. 
At the current time, the causes of the kilometer-wide 
variation in Jamaican reefs are unclear, due in part to 
the lack of information on their rates and directions 
of change in community structure. Nevertheless, the 
variation among these reefs, as well as among those on 
St. John, suggests that a better understanding of this 
scale of variation will have general application in reef 
ecology. 

The results of this study neither contradict the find- 
ings of long-term studies of coral communities (e.g. 
Liddell & Ohlhorst 1987, 1992, Hughes 1994), nor do 
they suggest that the relatively high coral cover reefs 
of the 1990s in Jamaica (Dairy Bull and Silver Spray) 
are unchanged compared to those found 25 yr ago. 
Instead, they draw attention to the high variance in 
coral community structure that only becomes apparent 
when reefs are studied over a spatial scale of kilome- 
ters. Whether or not this variation is biologically signif- 
icant will depend on the relative abundance of reefs 
with high coral cover and richness compared to those 
that are denuded, their proximity to one another, 
their hydrodynamic connectivity, their trajectories of 
community change (Johnson & Preece 1992) and the 
degree of association between pattern and process in 
reef ecology. While no single scale can be considered 
'correct' for systems analysis (Levin 1992), care should 
be taken in selecting the sampling scale for the ques- 
tion at  hand, and caution should be used in 'scaling up' 
the results to scales that were not sampled. Finally, as 
suggested by Jackson (1991), our findings emphasize 
the need for further studies of kilometer-wide variation 
in coral communities; a better understanding of large- 
scale processes might prove invaluable in formulating 
hypotheses to determine the causes and consequences 
of the decline in coral cover and coral richness of many 
reefs (Rogers 1992). 
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