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Influence of landscape structure on reef fish assemblages
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Abstract Management of tropical marine environ-

ments calls for interdisciplinary studies and

innovative methodologies that consider processes

occurring over broad spatial scales. We investigated

relationships between landscape structure and reef

fish assemblage structure in the US Virgin Islands.

Measures of landscape structure were transformed

into a reduced set of composite indices using

principal component analyses (PCA) to synthesize

data on the spatial patterning of the landscape

structure of the study reefs. However, composite

indices (e.g., habitat diversity) were not particularly

informative for predicting reef fish assemblage

structure. Rather, relationships were interpreted more

easily when functional groups of fishes were related

to individual habitat features. In particular, multiple

reef fish parameters were strongly associated with

reef context. Fishes responded to benthic habitat

structure at multiple spatial scales, with various

groups of fishes each correlated to a unique suite of

variables. Accordingly, future experiments should be

designed to test functional relationships based on the

ecology of the organisms of interest. Our study

demonstrates that landscape-scale habitat features

influence reef fish communities, illustrating promise

in applying a landscape ecology approach to better

understand factors that structure coral reef ecosys-

tems. Furthermore, our findings may prove useful in

design of spatially-based conservation approaches

such as marine protected areas (MPAs), because

landscape-scale metrics may serve as proxies for

areas with high species diversity and abundance

within the coral reef landscape.
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methodologies that consider processes occurring over

broad spatial scales (Allison et al. 1998). Landscape

ecology has been recognized as a highly interdisci-

plinary science of heterogeneity (Wu and Hobbs

2002; Wu 2006), with an appropriate focus on broad-

scale patterns and ecological processes (Forman and

Godron 1986). A landscape generally refers to a

heterogeneous area composed of local interacting

ecosystems (Forman 1995) made up of homogenous

units, called habitat patches. Landscape structure

describes the composition and spatial arrangement of

the habitat patches (Forman and Godron 1986) that

comprise ecosystems, and has been quantified using a

number of metrics (O’Neill et al. 1988) including

composite indices (e.g., habitat diversity) and mea-

sures of configuration (e.g., patch size) and context

(size, spatial arrangement and composition of sur-

rounding habitat patches; sensu Forman and Godron

1986) (Turner 1989). The use of such metrics,

derived largely from island biogeography theory

(MacArthur and Wilson 1967), metapopulation the-

ory (Hanski 1999), and patch dynamics (Pickett and

White 1985) has improved our understanding of how

landscape features influence terrestrial communities

(Turner 1989; Gardner and O’Neill 1991; Wu and

Hobbs 2002; Wu 2006). While landscape ecology

continues to evolve as a discipline (Wu and Hobbs

2002), the advantages of an ecosystem-based multi-

scalar focus has proven extremely valuable in

addressing real-world management problems in ter-

restrial systems (e.g., reserve design, biodiversity

conservation) (Noss 1983; Forman 1995; Wu and

Hobbs 2002). A landscape ecology approach in coral

reefs, however, has received little attention, until

recently (e.g., Appeldoorn et al. 2003; Ault and

Johnson 1998; Kendall et al. 2003; Kendall 2005;

Jeffrey 2004; Nagelkerken et al. 2002), yet may

prove invaluable in addressing urgent resource man-

agement concerns typical of the new kind of

challenges facing those involved with reconciling

dynamic interactions between nature and society (Wu

2006) in coral reef ecosystems.

Our understanding of the dynamics of reef fish

assemblages has been largely derived from studies

conducted at small spatial scales (1-m2 plots) (Wil-

liams 1980; Sale et al. 1994; Forrester et al. 2002).

Measures of topographic complexity (Hixon and

Beets 1989; Friedlander and Parrish 1998), hole size

(Friedlander and Parrish 1998), coral cover (Bell and

Galzin 1984), within-reef zonation (Alevizon et al.

1985) and depth and water motion (McGehee 1994)

can be used to predict reef fish assemblage structure.

However, larger-scale determinants of reef fish

structure are desired by resource managers, as many

exploited fishes exhibit patterns of habitat use that

extend beyond the scale of isolated reefs (Levin and

Grimes 2002; Sale 2002). Although it is unclear

whether findings from small-scale studies can be

extrapolated to larger-scales, recent studies suggest

that large-scale ([100 m) habitat features play

important role in structuring stream fish assemblage

structure (Roy et al. 2007) and reef fish assemblages

(e.g., Ault and Johnson 1998; Christensen et al. 2003,

Kendall et al. 2003; Dorenbosch et al. 2004; Pittman

et al. 2004). Because coral reef ecosystems exist as a

complex mosaic of habitat patches (e.g., reefs,

seagrass patches), they are ideally suited for a

landscape ecology approach.

A number of landscape metrics (i.e., habitat

diversity, measures of context and configuration in

addition to fine-scale (\1-m2) measures) have helped

us understand community structure of terrestrial

natural communities. For example, habitat diversity

can explain species richness (Ricklefs and Lovette

1999; Sisk et al. 1997). Species abundance and

diversity are also frequently associated with measures

of habitat configuration (i.e., patch size, shape)

(Robinson et al. 1995; Villard et al. 1999); and

protected area configuration can influence organisms

within and outside their boundaries (Diamond 1975;

Sisk et al. 1997; Mazerolle and Villard 1999). In

addition, measures of context have proven valuable in

conservation planning (Mladendoff et al. 1995; Rob-

inson et al. 1995; Sisk et al. 1997) in terrestrial and

riparian systems (Neville et al. 2006; Roy et al.

2007). However, understanding the relative impor-

tance of fine and large-scale habitat features is vital to

knowing the appropriate spatial scale for manage-

ment (Mazerolle and Villard 1999).

Our study investigated the utility of landscape

metrics (commonly-used in terrestrial systems) for

predicting reef fish assemblage structure. A multi-

variate approach was adopted as a means of exploring

the complex coral reef landscape dataset for patterns

and relationships, from which hypotheses could then

be generated and subsequently tested in controlled

experiments. A suite of landscape metrics were

calculated and composite indices were developed to
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synthesize data on the spatial patterning of study

reefs and surrounding habitats. We then examined the

utility of these composite indices to predict which

reefs had relatively high species diversity and abun-

dance. The utility of individual habitat features and

the importance of a fine-scale habitat measure, i.e.,

rugosity, were also examined. Terrestrial research led

us to expect: (1) composite indices would be positive

predictors of reef fish assemblage structure, and (2)

individual habitat features would be predictors (both

negative and positive) of reef fish assemblage struc-

ture. A wealth of literature on reef fishes indicates

that fine-scale habitat measures can be important

explanatory variables for reef fish assemblage struc-

ture (e.g., Bohnsack and Talbot 1980; Hixon and

Beets 1989; Friedlander and Parrish 1998). There-

fore, we explored the relative significance of rugosity

and several landscape metrics in our system.

Methods

Study area

Coral reefs around the island of St. John, US Virgin

Islands (Fig. 1) were selected for study. Benthic

habitat maps were classified by visual interpretation,

using 26 discrete and non-overlapping habitat classes,

with a minimum mapping unit of 1 acre (Kendall

et al. 2001). Sampled reefs were located on the lower

fore reef of fringing and patch reefs within a few

kilometers from shore. Sampled reefs were all fairly

large (median 2500 m) and dominated by Montast-

raea annularis or mixed corals in water depths

between 5 m and 15 m.

About 20 reefs were sampled: 14 in 1994 and six

in 2001 (Fig. 1). Reefs were selected from an existing

fish database as representative locations that varied

with respect to landscape features, yet relatively

similar in depth, reef morphology, and coral cover.

Analyses were conducted primarily on the 1994 data

set to reduce potential temporal variability (due to

changes in fishing pressure and storm damage) and a

slight modification in methods between years. The

1994 and 2001 data sets were combined for principal

component analyses to expand the gradient of several

habitat parameters of interest. For all hypothesis-

testing, only the 1994 dataset was used to eliminate

potential confounding effects, though the strength

and nature of most relationships remained consistent

when the 2001 was included (R. Grober-Dunsmore,

unpubl. data).

Reef fish sampling

Fish sampling was conducted within reef habitat

only. Reef-associated fishes were sampled over a 10-

day period in July 1994 (Beets and Friedlander 1994),

and over a 5-day period in July 2001. The number of

point counts per reef was determined based on reef

size following Monte Carlo simulation, and ranged

from 8 to 20 per reef (Fig. 1). Samples were stratified

equitably in edge and platform portions of each reef.

Fig. 1 Location of St. John, US Virgin Islands, in the Caribbean basin and distribution of the 20 study reefs around the island of

St. John, USVI. Below the name of each study reef is the number of reef fish point counts per reef
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Reef fishes were censused using a standardized visual

point count method (Bohnsack and Bannerot 1986),

where all reef fishes were identified within a 5 min

sampling period, and enumerated during the follow-

ing 10 min period within a defined sampling radius.

Fork lengths of fishes were estimated to the nearest

centimeter, with minimum, maximum and mean

recorded. In 1994, a modified Bohnsack and Bannerot

(1986) method (sample radius reduced from 7.5 m to

5 m) was used, whereas the original method was used

in 2001; comparative analyses between methods

revealed few significant differences between most

reef fish assemblage parameters (Beets and Fried-

lander 2003). Mean species richness herein refers to

the mean number of species observed for point counts

at a replicate reef, whereas cumulative richness refers

to the total number of species observed during all

point counts at a reef. Abundance refers to the mean

number of fishes for point counts at each replicate

reef. Two species were eliminated from abundance

analyses, since these tended to overwhelm abundance

estimates and are difficult to count accurately—

Jenkinsia spp. (herring) and Coryphopterus person-

atus (masked/glass goby). Randall (1967) and Fish

Base (Froese and Pauly 2002) were used to classify

all fishes by trophic guild: piscivore, herbivore,

mobile invertebrate feeder (MIF), sessile invertebrate

feeder (SIF), planktivore, or omnivore (see Grober-

Dunsmore 2005). Each adult fish was classified into

mobility guilds: resident, mobile or transient, based

on their known ecology. Resident species are

sedentary and site-attached, and do not typically

move from their primary reef patch. Mobile species

are those that exhibit restricted movements and may

roam from the primary reef. Transient species are

vagile, and can range more widely, often on the scale

of kilometers. Taxonomic groups of commercially

and ecologically important fishes were analyzed

separately (e.g., haemulids, scarids). Fishes were

further subdivided into juvenile and adult categories,

based on length of maturity where possible (Froese

and Pauly 2002), to examine the influence of life-

history stage on functional relationships. This

resulted in 30 reef fish assemblage parameters

(Table 1).

Habitat sampling

A single fine-scale measure of rugosity (Luckhurst

and Luckhurst 1978) was calculated by running an

underwater tape measure over the contour of study

reefs. For each reef, 10 rugosity samples were

collected along straight line 10-m transects. The

resultant mean value was used for statistical analyses.

Landscape-scale habitat measures were calculated

from the benthic habitat maps. The original map

classification scheme included 26 distinct and non-

overlapping habitat classes (Kendall et al. 2001). The

habitat classification scheme was simplified for

resource management purposes, where 7–10 habitat

classes are typically desired (Turner et al. 2001).

Table 1 Reef fish assemblage parameters (n = 30) used as dependent variables in statistical analyses

Entire assemblage level parameters Trophic guilds Mobility guilds Taxonomic groupings

Cumulative species richness Herbivores (J & A) Resident Acanthurids (J & A)

Mean species richness Mobile invertebrate feeders (J & A) Mobile Serranids (J & A)

Total abundance Omnivores (J & A) Transient Haemulids (J & A)

Piscivores (J & A) Lutjanids (J & A)

Planktivores Pomacanthids

Sessile invertebrate feeders Scarids (J & A)

Holocentrids

Labrids

Chaetodontids

Statistical analyses

Note: Fish groups are not always mutually exclusive. Hypoplectrus species were not included in Serranid grouping. For each trophic

guild and taxonomic grouping, reef fish parameters were further subdivided into juvenile and adult components, where indicated

(J = juvenile, A = adult)
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Consequently, the 26 habitat classes were aggregated

into nine classes (i.e., mud, mangrove, sand, reef,

pavement, bedrock, seagrass, macroalgae, and deep

unknown) using a classification similar to other

studies (Christensen et al. 2003; Lindeman et al.

1998). Ground-truthing was conducted in every

habitat patch (5–10 sample points per patch) within

100 m of each study reef.

Percent cover of benthic invertebrates was esti-

mated using 1-m2 quadrats (Rogers et al. 1994)

within the study reef and in every surrounding habitat

patch within 100 m. There were no significant

differences in coral cover (mean of 8–30% live

coral) between study reefs. High within-patch vari-

ability in percent cover of benthic invertebrates in

study reefs precluded further analyses.

Fourteen metrics, used to quantify various aspects

of the configuration and context of the study reefs

(Table 2), were calculated with ArcView 3.2 (ESRI

1996), using spatial analyst and geoprocessing tools.

A single value for each (reef) patch metric (n = 3)

was calculated and each landscape metric was

calculated at the 100 m spatial extent (Table 2;

Fig. 2). Data were also analysed for the 250 m and

500 m spatial extents and revealed similar yet weaker

results compared to the 100 m, therefore the 100 m

spatial extent was selected for investigation. These

spatial extents were selected to represent a range of

potential importance based on the known natural

history of reef fishes (Randall 1962; Munro 1983).

Data analysis

Where necessary, reef fish and habitat data were log10

(x + 1) transformed to improve normality (Sokal and

Rohlf 1995). All statistical analyses were conducted

with JMP 8.01 (SAS 2003). Statistical significance

was accepted at the P £ 0.05.

To reduce landscape metrics into a more parsimo-

nious dataset of composite indices, Pearson product–

moment correlations (Ppmc) between each pair of

metrics and principal component analysis (PCA)

using a correlation matrix were applied. Ppmc was

applied sequentially by examining significant pair-

wise correlations (Sokal and Rohlf 1995) to reduce

the number of variables to a 3:1 ratio (observations to

variables), which is required for PCA (McGarigal

et al. 2000). The choice of an index within a group of

redundant metrics was determined by selecting

ecologically meaningful metrics and eliminating

redundant variables.

To explore relationships between fish assemblage

parameters and landscape structure, stepwise multiple

regression analyses were conducted using significant

principal components as the independent variables for

each of the 30 reef fish parameters. To control family-

wise error for multiple correlations, sequential Dunn-

Sidak Bonferroni corrections were applied using the

number of reef fish parameters (n = 30) tested (Sokal

and Rohlf 1995) for all subsequent regressions.

To test predictions of individual habitat features,

separate stepwise multiple regression analyses were

conducted separately for: (1) reef configuration, (2) reef

context, and (3) the relative influence of fine- and

landscape-scale habitat parameters, using the 1994 reef

fish dataset (n = 14). Ecologically meaningful variables

based on terrestrial studies were selected and those that

met assumptions of statistical independence were tested

in a given model. Reef configuration variables were:

perimeter to area ratio (P:A) of each reef, reef size, and

mean patch size. Reef context variables were: surround-

ing habitat diversity and the areal coverage of reef,

bedrock, seagrass and deepwater within 100 m. The

fine-scale measure of rugosity was used in simple linear

regressions, and then examined with the areal coverage

of deepwater, seagrass and reef within 100 m in

multiple regression analyses. To optimize model per-

formance and reduce potential effects due to

multicollinearity, a series of diagnostic tests were used:

(1) Akaike’s Information Criterion (Akaike 1974), (2)

leverage effects plots, (3) Durbin–Watson statistic, and

(4) condition number (Belsley et al. 1980) for every

stepwise regression. Sequential Bonferroni adjustments

were conducted to ameliorate concerns over multiple

statistical testing. Simple linear regressions were cre-

ated to determine the stability of models using residual

plots (Sokal and Rohlf 1995).

Results

Landscape structure

Configuration and context of study reefs varied widely.

Most metrics had coefficients of variation[50% of the

mean, indicating that gradients in many aspects of the

landscape were represented (Table 3; Fig. 2).
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PCA revealed four dominant components of

variation based on retention of eigenvalues greater

than the average, i.e., k[ 1 (Jackson 1993). These

components explained approximately 80% of the

total variance of the original landscape variables

(Table 4). Landscape structure was not adequately

represented by a single or even a few gradients. Final

communalities indicated that most of the residual

indices were well accounted for by these four

components, with no notable exceptions.

Reef fish assemblage structure

A total of 57,002 fishes representing 171 different species

were recorded during 341 censuses at the 20 study reefs.

Principal components explained few reef fish

assemblage parameters. Both mean species richness

and cumulative species richness were marginally

correlated (21% and 26%, respectively) with PC4, a

positive seagrass gradient (Table 5).

Configuration was generally a poor predictor of

reef fish assemblage structure, though there were a

few exceptions. About 74% of the variation in

abundance of transient fishes was explained by reef

perimeter to area ratio (P:A) and the number of

habitat patches (Table 6). Abundances of two other

trophic guilds (piscivores and omnivores) and three

taxonomic groups were marginally correlated with

P:A (Table 6). Examination of regression and

residual plots revealed the influence of single points

and identified heteroscedascity, which calls into

question the stability of these relationships (Sokal

and Rohlf 1995). Surprisingly, no reef fish assem-

blage parameter was correlated with reef size.

Reef context was correlated with 13 of 30 possible

reef fish assemblage parameters (Table 7). Species

richness was positively correlated with the areal

coverage of seagrass (Table 7). Several ecologically

relevant relationships between specific habitat types

and abundances within trophic and taxonomic groups

Table 2 Patch metrics (n = 3) and landscape metrics (n = 11) at the 100 m spatial extent used to quantify the landscape structure of

the 20 study reefs sampled in 1994 and 2001 in St. John, US Virgin Islands

Definition Formula

Patch metric

Mean patch size Mean patch size within 100 m Area (m2)

Reef sized Size of individual sampled reef patch Area (m2)

P:A of a patch Sum of the patch edge divided by patch area

for patch of interest

R P:A for particular patches

Landscape metric

Patch diversity Total abundance and type of different patches

(pi is the proportion of habitat for every

individual patch)

R pi ln pi; pi = proportion of area in (m2)

of patch i for all patches

Habitat diversity Same as patch diversity but boundaries of

similar habitat patches (by habitat class)

are dissolved so number of patches does

not influence index

R pi ln pi pi = proportion of area in (m2)

of habitat type i for all habitat types

Habitat richness Number of different habitat types present in

an extent

Number of different habitat types

Patch richness Number of patches of each habitat type in

extent of interest

Number of patches

Habitat area Amount of each habitat type in landscape Area (m2) in each habitat type

Area of bedrock

Area of deep

Area of algal plain

Area of pavement

Area of reef

Area of sand

Area of seagrass
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were also evident. Abundance of adult MIFs was

positively correlated with the areal coverage of

seagrass (R2 = 0.33) and adult piscivores were pos-

itively correlated with the areal coverage of reef

habitat within 100 m of focal reefs (R2 = 0.51)

(Table 7; Fig. 3). Several taxonomic groups were

predicted, based on their life history, to be correlated

with a particular habitat type, e.g., adult haemulids

and lutjanids with seagrass and adult serranids with

reef habitat. About 53% of the observed variation in

the mean abundance of adult haemulids, and 68% of

the variation in the mean abundance of adult lutjanids

was explained by seagrass coverage (Fig. 3). Sub-

sequent examination of residuals plots indicated that

most relationships were stable; those that were not

were eliminated from reported results.

Counter to expectations, the index of habitat

diversity was not positively correlated with any fish

parameter; the exception was mobile fishes (Table 7),

however, the coefficient of variation for habitat

diversity was low (34%). To check for spurious

correlations, we verified that there were no

relationships between fishes and habitats for which

a relationship was not expected (e.g., pomacentrids

and seagrass). There were none.

Also counter to expectations, rugosity was not

strongly correlated with many reef fish assemblage

parameters. In fact, only five reef fish parameters

exhibited a relationship with rugosity (Table 8). In

only two cases (juvenile omnivores and piscivores)

did rugosity explain more variation than a landscape

metric. Furthermore, rugosity was never the single

explanatory variable for any final model. Rather,

landscape metrics were better predictors of reef fish

assemblage structure (Table 8).

Discussion

Composite indices that quantify the landscape struc-

ture of reef environments (principal components and

habitat diversity) were generally poor predictors of

reef fish assemblage structure, contrary to expecta-

tions from terrestrial studies (O’Neill et al. 1988;

Fig. 2 Study reef

landscape within 100 m

of Yawzi reef with the area

beyond the 100 m blacked

out to highlight the area

of interest
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Riitters et al. 1995; Robinson et al. 1995). Although

the coral reef landscape variables were successfully

reduced into four principal components that synthe-

sized a wealth of information on the spatial patterning

of the individual coral reef landscapes, these compo-

nents explained a limited number of reef fish

parameters. Most relationships were more easily

interpreted using individual habitat features. For

instance, species richness exhibited a marginal asso-

ciation with PC4, a positive gradient of coverage of

adjacent reef and seagrass, habitats considered crit-

ical for many species (Ogden and Zieman 1977).

Several factors may explain the inability of principal

components to predict reef fish community structure.

First, ecologically meaningful interpretation of the

principal components proved difficult, perhaps

Table 3 Summary statistics of landscape metrics (100 m) and reef fish assemblage parameters for 20 study reefs sampled in 1994

and 2001, St. John, US Virgin Islands

Habitat parameter Measure Transform Min. Max. Mean CV

# of patches # Log10 (x + 1) 2.00 12.00 7.00 43.32

Size of reef Ha None 0.54 15.74 6.59 67.62

P:A reef Ratio None 0.03 0.09 0.05 34.33

H’ patch diversity Index None 1.13 2.45 1.63 20.54

H’ diversity Index None 0.54 1.57 1.17 24.32

Habitat richness # habitat

types

None 2.00 6.00 4.15 27.39

Patch richness # patches Log10 (x + 1) 5.00 19.00 8.50 43.09

Reef Ha Log10 (x + 1) 0.83 17.89 4.18 91.42

Seagrass Ha Log10 (x + 1) 0.00 7.80 1.32 166.26

Bedrock Ha Log10 (x + 1) 0.00 3.56 0.80 142.92

Pavement Ha Log10 (x + 1) 0.00 11.33 2.72 105.72

Deep water Ha Log10 (x + 1) 0.00 7.30 2.18 120.10

Algal plain Ha Log10 (x + 1) 0.00 4.02 0.58 222.76

Sand Ha Log10 (x + 1) 0.00 6.03 1.17 160.39

Rugosity Index None 1.38 2.82 2.00 19.48

Reef fish parameter Units Transform Min. Max. Mean SE

Mean spp. richness Number Log10(x + 1) 19.67 32.14 23.43 0.67

Cum spp. richness Number Log10(x + 1) 51.00 88.00 67.85 2.25

Total abundance Number Log10(x + 1) 24.12 88.13 55.23 0.02

A herbivore Number Log10(x + 1) 4.89 25.92 10.22 0.04

J herbivore Number Log10(x + 1) 14.14 73.13 41.66 0.04

A MIF Number Log10(x + 1) 1.04 18.95 4.37 0.05

J MIF Number Log10(x + 1) 7.71 32.11 16.38 0.03

A PISCI Number Log10(x + 1) 0.05 1.75 0.45 0.02

J PISCI Number Log10(x + 1) 0.58 3.27 1.63 0.03

PLANK Number Log10(x + 1) 3.17 2950.21 36.15 0.08

A OMNI Number Log10(x + 1) 0.00 1.19 0.26 0.02

J OMNI Number Log10(x + 1) 1.57 34.48 8.55 0.08

SIF Number Log10(x + 1) 1.69 34.48 9.23 0.03

Resident Number Log10(x + 1) 32.88 103.7 65.07 0.05

Mobile Number Log10(x + 1) 0.48 11.59 1.95 0.03

Transient Number Log10(x + 1) 24.12 88.13 55.23 0.04

Note: All parameters for mean abundance, except where indicated. All data are backtransformed. CV = coefficient of variation,

SE = standard error. A = adult, J = juvenile
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because loadings were distributed across many vari-

ables. No single component accounted for [26% of

the variability of the original dataset. Secondly, these

components may contain too much information to be

germane to reef fishes, as they may not respond to

multiple habitat parameters (see Neville et al. 2006).

In fact, our data suggests that specific fish groups

respond to specific habitat features (see below). It

will be important to identify through exploratory

analyses such as this, those metrics that are correlated

with reef fish distribution, to provide the basis for

developing specific hypotheses that will be tested in

future coral reef studies.

Habitat diversity was also not a good predictor of

reef fish diversity and abundance, contrary to our

expectations based on terrestrial research (e.g., Rafe

et al. 1985; Ricklefs and Lovette 1999). Relation-

ships can depend heavily upon specific definitions of

habitat diversity (e.g., elevation) (Rafe et al. 1985;

Turner 1989) and it is possible that habitat diversity,

as we defined it, is not an appropriate measure.

However, Donaldson (2002) and Grober-Dunsmore

Table 4 Principal component analyses on the correlation matrix of the eight residual landscape-scale habitat variables at the 100 m

spatial extent for the 20 study reefs sampled in 1994 and 2001 in St. John, US Virgin Islands

PC1 PC2 PC3 PC4

Eigenvalue 2.10 1.82 1.49 1.01

Percent 26.33 22.76 18.65 12.61

Cum percent 26.33 49.09 67.74 80.35

# patches 0.488 0.013 –0.149 0.470

Reef size 0.549 0.173 0.033 0.049

Habitat diversity 0.359 0.258 0.493 0.243

Deep –0.029 –0.422 0.607 0.216

Pavement 0.211 –0.537 –0.163 –0.192

Reef 0.333 –0.227 –0.516 0.084

Sand 0.234 0.490 0.043 –0.570

Seagrass –0.347 0.381 –0.265 0.550

Note: Loadings in bold represent those that contribute the most to individual components

Table 5 Stepwise regression results to determine the influence of principal components on reef fish assemblage structure at the 20

study reefs sampled in 1994 and 2001 in St. John, US Virgin Islands at the 100 m spatial extent

Fish parameter Model PC1 PC2 PC3 PC4

R2 (%) b1 R2 P b2 R2 P b3 R2 P b4 R2 P

Mean richness 21 1.38 0.21 0.040

Cumulative richness 26 5.17 0.27 0.020

Herbivores 53 0.05 0.22 0.012 –0.06 0.31 0.004

Omnivores 21 0.14 0.21 0.044

Haemulids 43 –0.14 0.43 0.002

Epinephelids 23 –0.05 0.23 0.030

Acanthurids 35 0.09 0.18 0.073 –0.10 0.17 0.060

Lutjanids 46 –0.07 0.32 0.006 0.05 0.14 0.080

Mobile 28 0.05 0.28 0.022

Note: Each of the 30 reef fish parameters were used as dependent variables. Linear models: log abundance = b0 + b1 (PC). Data

represented are mean and cumulative species richness values and mean abundances within each guild derived from a minimum of 16

samples per reef. See Table 4 for definitions of individual principal components. The suite of 30 fish parameters were analyzed,

however, only those reef fish parameters with statistically significant relationships are reported. P-values are Sequential Dunn-Sidak

Bonferroni-corrected for the total number of comparisons (n = 30). All P-values are presented
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et al. (2004) also failed to predict reef fish species

diversity using a habitat diversity measure. Jeffrey

(2004) found that measures of habitat richness and

diversity were correlated (often negatively) with

trophic composition and occurrences of several

species of fishes. We also found negative associations

of individual reef fish parameters with habitat

diversity, which may suggest that specific habitat

types are likely to be better predictors of assemblage

structure than habitat diversity per se. These findings

lead us to concur with those terrestrial studies that

challenge the effectiveness of generic landscape

Table 7 Stepwise multiple regression results of the influence of reef context on reef fish assemblage structure for the 1994 study

reefs (n = 14) in St. John, US Virgin Islands

Fish parameter R2 Partial R2 P-Value Habitat parameter

Mean species richness 0.28 0.28 0.042 Seagrass

J herbivores 0.30 0.30 0.041 Bedrock

A MIFs 0.33 0.33 0.033 Seagrass

J omnivores 0.48 0.48 \0.001 Deepwater

A piscivores 0.51 0.51 \0.001 Reef

J piscivores 0.47 0.240 0.033 Deepwater

0.23 0.052 Seagrass

SIFs 0.63 0.39 \0.001 Bedrock (–)

0.27 \0.001 Deepwater

A haemulids 0.53 0.53 \0.001 Seagrass

A epinephelids 0.52 0.28 \0.001 Reef

0.24 0.043 Seagrass

J acanthurids 0.67 0.42 \0.001 Deepwater (–)

0.25 0.011 H’ (–)

A lutjanids 0.68 0.50 \0.001 Seagrass

J lutjanids 0.46 0.46 \0.001 Bedrock

Mobile 0.39 0.39 0.022 H’

Independent variables were: H’ and areal extent of reef, bedrock, seagrass and deep unknown within 100 m. Model R2 and partial

regression values for each variable with P £ 0.05 level. P-values are Sequential Dunn-Sidak Bonferroni-corrected for the total

number of comparisons. The suite of 30 fish parameters were analyzed, however, only those reef fish parameters with statistically

significant relationships are reported. Model effects are positive except where indicated by (–). A = adult, J = juvenile

Table 6 Stepwise multiple regression results of the influence of reef configuration on reef fish assemblage structure for 1994 study

reefs (n = 14) in St. John, US Virgin Islands

Reef fish parameter Habitat parameter Model R2 Partial R2 P-value

A piscivores P:A reef (–) 0.32 0.32 0.050

A omnivores P:A reef 0.40 0.40 0.010

J haemulids # patches (–) 0.39 0.39 0.020

A acanthurids P:A reef 0.33 0.33 0.030

Pomacanthids P:A reef 0.37 0.37 0.020

J lutjanids # patches (–) 0.36 0.36 0.030

Transients P:A 0.74 0.62 \0.001

# patches 0.12 0.050

Note: Independent variables were: P:A of each reef, the number of patches and reef size. Results for 1994 reefs (n = 14), with model

R2 and partial regression values for each variable with P £ 0.05 level. P-values are Sequential Dunn-Sidak Bonferroni-corrected for

the total number of comparisons. Model effects are all positive, except where indicated (–). The suite of 30 fish parameters were

analyzed, however, only those reef fish parameters with statistically significant relationships are reported. A = adult, J = juvenile
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indices (i.e., principal components) to design pro-

tected areas (Lindenmayer et al. 2003), at the scale of

individual reefs. Reef fishes may not all conform to

the same landscape pattern, rather each species may

respond to specific habitat features at particular

spatial scales, a finding consistent with terrestrial

studies (Mladenoff et al. 1995; Lindenmayer et al.

2003).

Configuration measures were generally not effec-

tive in predicting reef fish assemblage structure,

although they have proven useful in some terrestrial

systems (Andrén 1994; but see Trzcinski et al. 1999).

Our findings corroborate those of Pittman et al.

(2004), which revealed that configuration explained

less of the variation in the spatial distribution of

fishes than habitat composition. We did find a few

potentially, ecologically relevant relationships. For

example, the strong, positive association of reef P:A

with abundances of transient fishes (e.g., jacks) may

reflect their foraging behavior along reef edges

(Auster 2005; Sandin and Pacala 2005). Predatory

behavior of piscivorous reef fishes can vary with

changes in landscape attributes (Auster 2005).

Surprisingly, reef size was not positively correlated

with any reef fish parameter. These findings contrast

with terrestrial (Diamond 1975), small-scale patch reef

(Molles 1978; Bohnsack and Talbot 1980; Sale et al.

1994) and seagrass studies (Irlandi et al. 1999; Hovel

and Lipcius 2001), but may be a consequence of scale.

Our reefs were larger than most previously studied
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Fig. 3 Select simple linear

regression results of the

effects of reef context on

mean abundance of

particular fish groups for the

1994 (N = 14) study reefs

in St. John, USVI. (A)

Mean species richness and

areal extent of seagrass

100 m, (B) mean abundance

of adult MIFs and areal

extent of seagrass 100 m,

(C) mean abundance of

adult haemulids and areal

extent of seagrass 100 m,

(D) mean abundance of

adult piscivores and areal

extent of reef 100 m, (E)

mean abundance of juvenile

lutjanids and areal extent of

bedrock 100 m, and (F)

mean abundance of juvenile

omnivores and areal extent

of deep unknown 100m.

Independent variables are

each log10 (x + 1) in

hectares. MIFs refer to

mobile invertebrate feeders.

A = adult, J = juvenile

Landscape Ecol (2008) 23:37–53 47

123



(though see Ault and Johnson 1998). It is possible that

beyond a minimum reef size (which our reefs may

exceed), the structure of reef fish communities may be

mediated by other factors such as reef context, physical

disturbance (Syms 1998), larval supply (Sale et al.

1984; Doherty and Fowler 1994), and/or predation

(Hixon and Beets 1989).

Reef context appears to be an important determi-

nant of species diversity and richness, corroborating

findings in terrestrial (Pearson 1993; McGarigal and

McComb 1995; Mazerolle and Villard 1999; Trzcin-

ski et al. 1999), coral reef (Kendall et al. 2003),

seagrass (Pittman et al. 2004) and riparian systems

(Roy et al. 2007). In particular, the areal coverage of

seagrass, an important nursery and larval settlement

habitat (Shulman and Ogden 1987; Ogden and

Zieman 1977) and foraging area for some fishes

(Randall 1967) was strongly associated with entire

assemblage parameters (e.g., cumulative species

richness). Seagrass habitat may contribute to higher

species richness as a result of nutrient transfer and

movement of invertebrates and energy from highly

productive seagrass to adjacent reef habitat (Duarte

2000). For instance, Tektite and Yawzi reef, struc-

turally complex reefs with the highest mean species

richness values, are located within a bay with dense

Thalassia testudinum. Higher species richness of

fishes was also detected in mangroves adjacent to

continuous seagrass in Australia (Pittman et al.

2004), and at reefs proximal to nursery habitats in

Colombia (Appeldoorn et al. 2003).

Reef context was a strong predictor of fish

abundances within specific trophic guilds and taxo-

nomic groupings, and these relationships were

remarkably consistent with the ecology of each fish

group. For example, the positive relationship of MIF

abundances with seagrass is consistent with the

foraging behavior of species in this guild (e.g., taxa

within mullidae, haemulidae, and lutjanidae). The

relationship for haemulids and seagrass was even

stronger; haemulids forage off-reef in seagrass noc-

turnally (Ogden and Quinn 1984). Common

piscivorous fishes, which may forage preferentially

in reef habitat (e.g., Aulostomus maculates) were

more abundant where there were large areas of

adjacent reef habitat (e.g., Eagle Shoals). The

positive association of juvenile omnivores with deep

habitat is consistent with the functional role of deep

water as a source of ichthyoplankton. Several species

of omnivores (e.g., apogonids, blenniids) are fairly

non-mobile as larvae, and are thought to recruit

directly to reef substrate from the plankton. A direct

test of this hypothesis would be required to determine

whether proximity to deep water enhances planktonic

larval delivery at the reef scale.

Our findings corroborate those from terrestrial

(Turner 1989; Sisk et al. 1997; Ricketts 2001) and

marine systems (Pittman and McAlpine 2003;

Table 8 Stepwise multiple regression results of the relative influence of landscape and fine-scale habitat measures on reef fish

assemblage structure on the 1994 study reefs (n = 14) in St. John, US Virgin Islands

Fish parameter R2 Partial R2 P-value Habitat parameter

Mean species richness 0.68 0.38 0.004 Seagrass

0.30 0.001 Rugosity

A MIFs 0.53 0.33 0.010 Seagrass

0.20 0.050 Rugosity

J omnivores 0.76 0.60 0.009 Rugosity

0.16 0.020 Reef

A piscivores 0.53 0.53 0.009 Reef

J piscivores 0.71 0.36 0.003 Rugosity

0.35 0.007 Seagrass

A haemulids 0.71 0.55 0.001 Seagrass

0.16 0.030 Rugosity

Independent variables are rugosity and the areal coverage of deep unknown, seagrass and reef within 100 m. Results for the 14 reefs

sampled in 1994, with model R2 and partial regression values for each variable significant at the P £ 0.05 level. P-values are

Sequential Dunn-Sidak Bonferroni-corrected for the total number of comparisons. Relationships in italics are those where rugosity

contributed to explanatory power. The 30 fish parameters were analyzed. Only fish parameters with significant relationships are

reported. A = adult, J = juvenile

48 Landscape Ecol (2008) 23:37–53

123



Pittman et al. 2004), which indicate that specific

landscape features are associated with particular

groups of organisms. Relationships appear to be

functionally relevant and may indicate that local

communities are structured by processes operating at

much larger spatial scales than previously recog-

nized. Studies in coral reef ecosystems have until

recently largely ignored the surrounding reef land-

scape (dubbed the matrix) yet this study

demonstrates, as in terrestrial systems, that the

matrix matters (Pearson 1993; McGarigal and

McComb 1995; Ricketts 2001) in structuring reef

fish assemblages within reef patches. This study was

conducted in large, continuous reef patches, there-

fore we may expect that effects of reef context may

actually be greater for small, isolated reef patches,

as the processes structuring continuous and isolated

reefs can differ (Ault and Johnson 1998).

The fine-scale measure of rugosity was of limited

value in predicting reef fish assemblage structure, a

finding that is noteworthy. The exception was for

highly site-attached fishes, e.g., blenniids, gobiids,

and pomacentrids. The inability of rugosity to predict

reef fish assemblage structure, though contrary to

previous small-scale research (Hixon and Beets

1989), may indicate the ineffectiveness of this

measure to characterize topographic complexity

within a single habitat at the scale of whole reefs.

These results corroborate bird studies that demon-

strate landscape influences are greater than within-

patch influences when sampling was constrained to

forested patches (Pearson 1993). Most previous reef

fish studies that detected rugosity relationships were

conducted across multiple habitats (Friedlander and

Parrish 1998) or used manipulated patch reefs to

maximize the gradient of rugosity (Hixon and Beets

1989). When sampling within a single topographi-

cally complex habitat type such as reef, landscape

parameters may be better predictors of reef fish

assemblage structure.

Some reef fishes respond to habitat features at

fine spatial scales, while others respond to features

at landscape scales. For several fish groups, the

combination of fine and landscape-scale features

provided the best predictive model, findings that

support, in part, small-scale reef (Walsh 1985) and

terrestrial research (Pearson 1993). Thus, scale has

profound effects on resultant patterns (Wiens 1989)

with fine-scale measures often better predictors of

one group of organisms, and landscape measures

predictors of others (Pearson 1993; Mazerolle and

Villard 1999; Mitchell et al. 2001). This organism-

based perspective appears to be true for coral reef

fishes (Pittman and McAlpine 2003; Pittman et al.

2004); consequently future studies should acknowl-

edge that fishes respond to habitat structure at

multiple scales. Also, species perceive the landscape

in different ways, with each species potentially

responding to a unique suite of variables. The

relevant scale of investigation may depend on life

history attributes of individual fish species (Pittman

et al. 2004; Neville et al. 2006), or processes under

consideration such as foraging behavior (Shulman

and Ogden 1987; Sale 1998), and predation (Hixon

and Beets 1989).

The correlative nature of our results should be

interpreted accordingly. Although a range in the

values of different landscape metrics was repre-

sented, we had little control on experimental units.

These reefs are natural habitat patches, therefore

considerable microhabitat variation exists, which was

neither measured nor controlled. Reefs also do not

represent a perfect gradient in landscape scale

features (rather they vary across multiple gradients).

Sample units were selected from the naturally

available set of reefs. Additionally, while consider-

able groundtruthing was conducted, the benthic

habitat maps were accepted without major modifica-

tion. Since each decision in the mapping process

effects the determination and analyses of spatial

structure, it also affects our results. Furthermore,

analyses should be conducted across a larger tempo-

ral spatial scale to account for year to year variability

and across multiple habitat types. Finally, the reef

fish populations of the Virgin Islands have been

heavily exploited (Rogers and Beets 2001) therefore;

future studies should examine reef fish distributions

in less fished areas.

Our results have some important implications for

applying terrestrial landscape ecology principles to

tropical marine environments. First, while composite

indices such as habitat diversity can prove valuable in

terrestrial systems (Rafe et al. 1985; Ricklefs and

Lovette 1999; Opdam et al. 2003), these indices do

not appear appropriate for predicting reef fish

assemblage structure within single habitat patches.

Across a broader marine landscape these indices are

likely to perform better. Second, the matrix matters,
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which is consistent with terrestrial (Lindenmayer

et al. 1999; Ricketts 2001) and riparian (Neville et al.

2006; Roy et al. 2007) studies. The surrounding

matrix or context of individual reef patches exerts a

strong influence on the assemblage structure of reef

fishes, perhaps as much or more than the character-

istics within a given patch. Selection of reef patches

for MPA design should consider how well a patch

relates or links to other patches in the landscape.

Third, the same landscape can be perceived quite

differently by different species (Lindenmayer et al.

2003; Westphal et al. 2003). Various life history

stages and specific trophic and mobility guilds

responded to different habitat features. These findings

are broadly consistent with those from terrestrial

systems, which reveal the importance of the natural

history of each organism of interest (e.g., life history

stage, mobility, dispersal, habitat generalist or spe-

cialist) (Stamps et al. 1987; Sisk et al. 1997; Mitchell

et al. 2001). Finally, scale clearly has profound

effects on resultant patterns (Wiens 1989) with fine-

scale measures often better predictors of one group of

organisms, and landscape measures predictors of

others (Mitchell et al. 2001; Mazerolle and Villard

1999). This organism-based perspective appears to be

true for coral reef fishes (Pittman and McAlpine

2003, Pittman et al. 2004). As a consequence, future

studies should acknowledge that species perceive the

landscape in different ways.

Conclusion

A landscape ecology approach provides a powerful

means of understanding the influence of coral reef

landscape structure on reef fish assemblage struc-

ture. Although composite landscape metrics of the

spatial arrangement and composition of the coral

reef landscapes can be calculated, these composite

indices are correlated with few reef fish assemblage

parameters. Rather individual habitat features were

better measures of the influence of the spatial

patterning of the coral reef landscape on reef fish

assemblages. Specifically, reef context was associ-

ated with reef fish diversity and abundance for many

groups of fishes. Strong relationships between

specific groups of fishes and reef context were

detected, and these relationships were consistent

with the life history attributes and habitat

requirements of each group. This finding is note-

worthy and is consistent with research in terrestrial

systems, suggesting that the landscape context

within which habitat patches exist may be as

important as the local habitat fragments or patches

themselves (Perfecto and Vandermeer 2002, Steffan-

Dewenter 2003). If the results detected in this

exploratory study are replicable across systems and

scales, combining the disciplines of landscape

ecology and reef fish ecology offers promise in

addressing important management questions relevant

to habitat-based conservation of reef fishes. As the

design and management of MPAs requires decision-

making tools and approaches at a large spatial scale,

the identification of landscape-scale metrics that

may serve as a proxy for areas with high reef fish

diversity and abundance would be a valuable

contribution to marine conservation efforts in coral

reef ecosystems.
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