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Abstract This study determined whether the acoustic

roughness of Caribbean reef habitats is an accurate proxy

for their topographic complexity and a significant predictor

of their fish abundance. Fish abundance was measured in

25 sites along the forereef of Glovers Atoll (Belize). At

each site, in situ rugosity (ISR) was estimated using the

‘‘chain and tape’’ method, and acoustic roughness (E1) was

acquired using RoxAnn. The relationships between E1 and

ISR, and between both E1 and ISR and the abundance of 17

common species and the presence of 10 uncommon species

were tested. E1 was a significant predictor of the topo-

graphic complexity (r2 = 0.66), the abundance of 10

common species of surgeonfishes, pomacentrids, scarids,

grunts and serranids and the presence of 4 uncommon

species of pomacentrids and snappers. Small differences in

E1 (i.e. D0.05–0.07) reflected in subtle but significant

differences in fish abundance (*1 individual 200 m-2 and

116 g 200 m-2) among sites. Although we required the use

of IKONOS data to obtain a large number of echoes per

site, future studies will be able to utilise RoxAnn data alone

to detect spatial patterns in substrate complexity and fish

abundance, provided that a minimum of 50 RoxAnn echoes

are collected per site.

Introduction

Coral reef fish communities depend fundamentally on the

three-dimensional structure of their habitat (Sale 1991;

Chabanet et al. 1997). A structurally complex habitat does

not only provide transient and permanent refuges from

predation to fishes of a variety of sizes and shapes (Caley

and St John 1996) but also a variety of foraging, spawning

and nesting sites (Robertson and Sheldon 1979) and help to

maintain themselves in high-flow environments (Johansen

et al. 2008).

Sites with higher topographic complexity have higher

surface area and a greater diversity and availability of

shelter and/or foraging sites (Luckhurst and Luckhurst

1978a; Bell and Galzin 1984). As a result, topographic

complexity and species richness, diversity, total biomass

and abundance are positively correlated (Luckhurst and

Luckhurst 1978a; Carpenter et al. 1981; Sale and Douglas

1984; Nanami and Nishihira 2002; Friedlander et al. 2003;

Gratwicke and Speight 2005a, b). It seems reasonable to

expect that different fish species in a community would also

be positively correlated with topographic complexity, thus

facilitating the prediction of their spatial patterns of abun-

dance. However, the nature of species-specific relationships

with topographic complexity has rarely been described (but

see Ebersole 1985; Mumby and Wabnitz 2002) and needs

further investigation. Different degrees of association with

habitat complexity may exist depending on fish size (Choat
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and Bellwood 1991) mobility, home range and feeding

habits (Chabanet et al. 1997) and territoriality (Mumby and

Wabnitz 2002). Small fishes may have a stronger need of

shelter because of their increased vulnerability to predators

(Mumby and Wabnitz 2002) and strongly site-attached fish,

or fishes with obligate associations, tend to have higher

correlations with the substratum than more widely ranging

species or life stages (McCormick 1994). Species with

small home ranges may yield strong relationships with

habitat variables, as a result of the scale at which these

variables are measured (Jennings et al. 1996). Under-

standing the relationship between topographic complexity

and fish abundance at a species level would allow more

detailed and useful predictions of spatial and temporal

patterns of fish abundance. If such predictions were both

readily available for species with critical functional roles or

commercial importance and applicable at large spatial

scales, these would provide ecologically meaningful infor-

mation to support stock assessments and the design of

management strategies. By conducting a detailed evaluation

of the relationships of fish species and life phases with their

physical environment, we generated models for large-scale

predictions of the spatial patterns of fish abundance. These

results contribute directly with the mission of the National

Fisheries Department of Belize and the related fishery

conservation projects. Moreover, in a broader context, the

results generated here contribute with the essential fish

habitat (EFH) mandates in the primary laws regulating

marine fishery management (NOAA 1996). Furthermore,

although species density and biomass may respond simi-

larly to changes in topographic complexity, modelling the

response of both metrics separately would allow us to obtain

predictions that are useful in different ecological contexts.

Understanding spatial patterns of density, for example, may

be of importance to understand density dependence and

other important aspects of population dynamics, whereas

describing spatial patterns of biomass may be relevant in

understanding the stock’s availability from a fisheries

perspective.

Topographic complexity has traditionally been measured

as the ratio of the actual contour of the reef relative to linear

distance (Luckhurst and Luckhurst 1978a) using what is

known as the ‘‘chain and tape’’ method. Although a fine-

scale proxy of the vertical relief is obtained using this

method, it involves considerable underwater effort and

therefore is generally unsuitable for use across wide spatial

scales. The need for alternative large-scale and continuous

measurements of topographic complexity that allow a) pre-

dictive models and b) the possibility to map topographic

complexity has been recognised and recently addressed

using remote sensing techniques. A number of recent studies

have addressed this by using optical data from the NASA

Experimental Advanced Airborne Research Lidar (EAARL)

(e.g. Wedding et al. 2008; Pittman et al. 2009; Walker et al.

2009), whereas others have used bathymetry data either

measured directly with acoustic instruments or derived from

optical remote sensing images and geographical information

systems (GIS) (e.g. Lundblad et al. 2006; Pittman et al. 2007;

Purkis et al. 2008; Su et al. 2008; Knudby et al. 2010), and in

one case optical and acoustic data have been used with

comparative purposes (i.e. Costa et al. 2009). However, the

study of the correlation between remotely sensed rugosity

and in situ rugosity is still in its infancy and would benefit if

the spectrum of viable instruments is broadened.

The acoustic ground discrimination system RoxAnn

provides a cost-effective approach to measure the acoustic

roughness (E1) of the sea bottom and discriminate benthic

coral reef habitats with different topographic complexity

with relative detail (Hamilton et al. 1999; White et al.

2003). However, the beam width of RoxAnn causes each

measurement of E1 to be recorded from a two-dimensional

patch of reef surface (beam footprint), which differs from

the one-dimensional nature of the ‘‘chain and tape’’

method. Thus, each method measures a different aspect of

reef complexity but a comparison between them is war-

ranted because of the widespread use of the ‘‘chain and

tape’’ approach. There is no a priori reason why one metric

of complexity will be superior to the other, and the rela-

tionship between each metric and the fish abundance

parameters might differ and vary further according to

species or body size.

The capacity of satellite remote sensing to predict hab-

itat complexity at a scale relevant to fish has been recently

demonstrated (Purkis et al. 2008). Fish community

parameters such as species richness (Kuffner et al. 2007;

Pittman et al. 2007; Wedding et al. 2008; Walker et al.

2009), diversity (Purkis et al. 2008) as well as the total fish

abundance (Wedding et al. 2008; Walker et al. 2009) and

the abundance of fish at a family level (Kuffner et al. 2007)

within size, trophic and mobility guilds (Purkis et al. 2008)

can be predicted over large spatial scales. Predictions of

fish abundance at a species level are only available for a

single species of damselfish species (Pittman et al. 2009).

The present study aimed to broaden these predictions to a

larger number of ecologically and commercially important

species and, in the case of parrotfishes, to take these pre-

dictions to a finer (i.e. life-phase) level. Within families,

species may display differences in behaviour, degrees of

territoriality and food requirements which may affect their

use of refugia and their degree of association with the

topographic complexity of reefs. Furthermore, although

certain trophic guilds (e.g. grazers) play a crucial ecolog-

ical role in the reduction of macroalgal biomass (Mumby

et al. 2006), the reduction of coral mortality (Hughes et al.

2007) and the increase in coral recruitment (Mumby et al.

2007a), species or life phases within the guild may
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contribute differently to these functions (Bruggemann et al.

1994). In addition, some of these species (or life phases)

may be preferentially targeted by fishers and therefore

more susceptible to overfishing than others. In such cases,

prioritisation of management strategies may be required.

Mapping fish diversity and richness at large scales provides

managers with novel tools to improve ecosystem-based

management (Pittman et al. 2007) and identify potential

sites for marine-protected areas (Purkis et al. 2008). By

extending spatial predictions to a further level of detail, we

aim to support targeted management measures oriented to

the protection of key species and their habitats. Abundance

predictions for certain grazers that play a crucial ecological

role could be used to orient conservation efforts to the

enhancement of resilience of reefs. Biomass predictions of

commercially important families (e.g. groupers and snap-

pers) could be used to direct conservation efforts to

maintain desirable levels of fish stocks.

In summary, the present study aimed to determine

whether the RoxAnn’s acoustic roughness (E1) is as a

reasonable predictor of the topographic complexity of

Caribbean reef habitats and therefore the abundance of reef

fishes they support. Relationships were analysed at the

level of species and life phase and were used to quantify

the capacity of acoustic remote sensing to predict the

patterns of spatial variability in the abundance of key fish

species. The following hypotheses were tested:

1. Despite the differences in scale between the E1 and the

in situ rugosity (ISR), E1 is a good predictor of the

topographic complexity of a reef.

2. The density and biomass of most reef fish species are

positively correlated with ISR and E1.

3. When the density and/or biomass of a species are

significantly related with the ISR, these parameters

will correlate similarly with E1.

4. Juveniles, small-bodied species and territorial species

have the strongest relationship with the topographic

complexity.

5. Species that according to the literature are strongly

territorial or have small home ranges will be strongly

related to the small-scale measure of topographic

complexity (ISR), whereas species with larger home

ranges will be strongly related with the large-scale

measure of topographic complexity (E1).

Materials and methods

Study area

The study was carried out on the forereef of Glovers Atoll

(16�440N, 87�500W) in Belize (Fig. 1a). This forereef

comprises a gently sloping calcareous terrace descending

from the emergent reef crest to an escarpment at a depth

ranging from approximately 10–20 m where Montastraea

spp. are the major reef-building corals. Surveys were

conducted at 25 sites (Fig. 1b) within the same forereef

zone and at comparable depths (*10 m) including a range

of typical forereef habitats such as consolidated Montast-

raea reefs, unconsolidated Montastraea reefs, dense and

sparse gorgonian communities established on hard bottom

plains with very few hard coral colonies and spurs and

grooves with predominance of hard bottom with small hard

coral colonies and a medium relief.

Field surveys

Acquisition of acoustic data

Acoustic data were acquired using the RoxAnn signal

processor along a track encompassing *1.3 miles of the

forereef of Glovers Atoll during the last week of March

2005 (Fig. 1b). RoxAnn is a single-beam acoustic system

that uses multiple echoes to obtain parameters that are

useful for seabed classification (i.e. roughness, hardness

and depth) (Schlagintweit 1993). However, only the

Fig. 1 a Location of the study

area (Glovers Atoll), sections of

an IKONOS image of the

forereef indicating b the

location of the survey sites,

c the RoxAnn track and d a

detailed view of the track and

two survey sites
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measure of roughness (E1) or backscatter of the seabed,

which is derived from the energy of the tail of the first echo

(Hamilton 2001), was considered relevant for the objec-

tives of this particular study.

Although RoxAnn uses a dual-frequency echosounder

(Furuno FCV-600L, 50 and 200 kHz), it was operated at

200 kHz during our survey. The depth range of the echoso-

under was set at 40 m, and therefore, it operated with a pulse

repetition rate (PRR) of approximately 1,300–1,400 pul-

ses min-1. RoxAnn recorded data every 2–5 m when the

vessel was travelling at a constant speed of 8 km h-1 and

then averaged sets of 40–80 pulses to obtain 1 echo return

(E1 value). Beam width at 200 kHz was set at 10�, which

gave a footprint of approximately 17% of water depth. Since

depth logged by RoxAnn was between 3 and 22 m, the

diameter of the footprint ranged from approximately 0.51 m

in the shallowest areas to 3.74 m in the deepest areas.

Distance between the tracks was approximately 100 m

(Fig. 1c, d), and geographical co-ordinates were provided by

an integrated GPS receiver (Furuno GP-37/GP-32). During

data acquisition, the sea surface was calm with waves not

exceeding a height of 0.8 m.

Fish census and topographic complexity

Underwater visual censuses were conducted a few days

after the acquisition of acoustic data. The abundance of

30 species of reef fish including the families Scaridae,

Acanthuridae, Haemulidae, Chaetodontidae, Serranidae,

Lutjanidae and Khyposidae (Table 1) was quantified using

standard belt transect surveys (Brock 1954). One diver

completed 10 30 9 4-m transects at each site swimming

along the centre of them at a constant speed. Total length

(TL) was visually estimated to the nearest centimetre for

every fish encountered in the transects, and life phase was

recorded for every parrotfish.

Simultaneously, another diver surveyed six additional

species including the smaller, more abundant and site-

attached damselfishes (i.e. Stegastes planifrons, S. partitus,

S. leucostictus, S. diencaeus and S. adustus) and the com-

monest squirrelfish (i.e. Holocentrus rufus). Belt transects

of a narrower area (30 9 2 m) were used for these species

to ensure accurate estimates of their abundance. TL of

these species was also visually estimated to the nearest

centimetre. Two of these transects were surveyed per site.

The choice of species aimed to include the most common,

the important functional groups, and commercially

important species.

Fish censuses spanned an area of [150 m within which

a third surveyor evaluated the in situ topographic com-

plexity using a modification of the ‘‘chain and tape’’

method (Risk 1972). A chain of 4 metres long was moulded

to the contour of the substratum at randomly selected

starting positions (n = 10–14 per site). Care was taken to

orient the chain in a perpendicular direction to the slope of

the reef in all sites except for those located on the spur-and-

grove zone. Because the ‘‘chain and tape’’ method was

used to measure the fine-scale vertical relief of the study

sites, we ensured that at spur-and-grove zone the chain was

laid along the spurs. In situ rugosity (ISR) was calculated

as the ratio of the length of the chain to the linear distance

between its start and end point (McCormick 1994).

Data analysis

Acoustic roughness of Glovers forereef

Although a rugosity measurement can be calculated from

acoustic bathymetry data using a triangulation method or

Table 1 Species of reef fish counted within 30 9 4 m band transects

(10 per site) in Glovers Atoll, Belize (Central America)

Family Species

Scaridae Sparisoma aurofrenatum (Red band parrotfish)

Sparisoma viride (Stoplight parrotfish)

Sparisoma rubripinne (Yellowtail parrotfish)

Sparisoma atomarium (Green blotch parrotfish)

Sparisoma chrysopterum (Red tailed parrotfish)

Scarus taeniopterus (Princess parrotfish)

Scarus iserti (Striped parrotfish)

Scarus coelestinus (Midnight parrotfish)

Scarus vetula (Queen parrotfish)

Acanthuridae Acanthurus coeruleus (Blue tang)

Acanthurus bahianus (Ocean surgeonfish)

Acanthurus chirurgus (Doctorfish)

Khyposidae Kyphosus sectator (Bermuda sea chub)

Haemulidae Haemulon flavolineatum (French grunt)

Haemulon sciurus (Bluestriped grunt)

Haemulon plumierii (White grunt)

Chaetodontidae Chaetodon striatus (Banded butterflyfish)

Chaetodon capistratus (Foureye butterflyfish)

Chaetodon ocellatus (Spotfin butterflyfish)

Serranidae Cephalopholis fulva (Coney)

Cephalopholis cruentata (Graysby)

Epinephelus striatus (Nassau grouper)

Epinephelus guttatus (Red hind)

Epinephelus adscensionis (Rock hind)

Mycteroperca venenosa (Yellowfin grouper)

Mycteroperca tigris (Tiger grouper)

Mycteroperca bonaci (Black grouper)

Lutjanidae Lutjanus apodus (Schoolmaster)

Lutjanus mahogoni (Mahogany snapper)

Ocyurus chrysurus (Yellowtail snapper)
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examining the variance within various kernel sizes (see

Purkis et al. 2008; Pittman et al. 2009), the present study

focused in the direct use of the roughness parameter (E1)

acquired by RoxAnn. E1 was considered to be a potentially

useful surrogate of the topographic complexity of the study

area because it conveys information on the backscatter of

the bottom (Hamilton 2001).

All E1 data within the track above the 95th and below

the 5th percentile were discarded as outliers possibly

originated by problematic echo acquisition (primarily

resulting of the pitch and roll of the boat). The remaining

E1 data were normalised to the 95th percentile, resulting in

a range of values between 0 and 1. Rough or highly

complex surfaces would produce a strong backscatter and

the highest E1 values, whereas more smooth ones would

generate a weak backscatter and the lowest E1 values.

The mean acoustic roughness for each of our survey

sites was calculated by overlaying the geo-referenced

acoustic track (previously filtered and normalised) on an

IKONOS image of our study area (acquired in March 2005)

(Fig. 1c, d). Approximately 10 echo returns containing E1

data were available on the immediate vicinity of our survey

sites. To obtain a larger and more representative number of

E1 measurements per site, we overlaid the geo-referenced

acoustic track on an IKONOS image of our study area

(acquired in March 2005) (Fig. 1b–d). An unsupervised

classification of this image was conducted to generate 15

spectral classes (Mumby and Edwards 2002; Andréfouët

et al. 2003) that could be used as guides to locate pixel

areas that were spectrally similar to the fish survey sites

and that were also encompassed by the acoustic track.

Mean E1 per site was calculated using the echo returns

available on the immediate vicinity of the central fish

census location, but also inside the pixel areas selected

within less than a 100 m (n [ 50).

None of the additional pixel areas selected on the

satellite image could be visually inspected in situ. How-

ever, to ensure that these areas encompassed the same

habitat types as those we surveyed and had a similar

topographic complexity, they were selected along the same

depth contour of our survey sites. Moreover, the selection

of these areas was completed by one of the authors (PJM)

who has conducted [1,000 h of underwater benthic sur-

veys along the 12-km stretch of the forereef of Glovers

Atoll, working on the delimitation of boundaries of dif-

ferent habitat types.

Given that the replicate fish transects at a site spanned

an area exceeding this range (typically [150 m2 along the

reef contour), the selected RoxAnn echoes can be consid-

ered representative of the area surveyed for reef fish (even

allowing for 5-m positional uncertainty in the GPS).

Because E1 data were acquired across a sloping forereef

(of approximately 15–30�) and therefore over a wide depth

range (3–22 m), the performance of the RoxAnn system

could have been significantly influenced by the slope (von

Szalay and McConnaughey 2002) and depth of the en-

sonified area (Collins and Voulgaris 1993; Greenstreet

et al. 1997; Hutin et al. 2005). Although the RoxAnn

system normalises the echosounder waveforms to a refer-

ence depth (Hamilton et al. 1999), there is a chance that E1

returns correlate with depth for reasons other than genuine

changes in reef habitat complexity. To test for the existence

of such depth contamination in our E1 data, we extracted

data from sand patches located at different depths (i.e. from

2 to 13 m) and conducted a linear regression between their

depth and E1 returns. The E1 of a sand patch was unaf-

fected by its depth (Linear regression, r2 = 0.0,

F1,66 = 0.10, P = 0.76), therefore implying that RoxAnn

data were not systematically biased by depth.

Although acoustic data may also be affected by the

different types of sediment (Greenstreet et al. 1997), this

was not a major concern in the present study, because the

forereef of Glovers Atoll is comprised predominantly of

hard bottom.

Fish density and biomass

Biomass for each species was estimated using TL of

individual fish and the published allometric scaling rela-

tionships between length and weight (Bohnsack and Harper

1998). Mean density (individuals 200 m-2) and biomass

(g 200 m-2) were calculated separately for each species

and within each species separately for each life phase

(in the case of parrotfishes) and for juvenile damselfishes

(which were very abundant).

Utility of RoxAnn’s E1 to predict topographic complexity

To determine whether the acoustic roughness (E1) of

Caribbean reef habitats can be used as a proxy for their

topographic complexity, a linear model was fitted to our

benthic data. The model tested whether there was a sig-

nificant relationship between the ISR and E1. Model ade-

quacy was evaluated by examining (a) the plot of residuals

vs. fitted values to look for heteroscedasticity (i.e. non-

constant variance) and (b) the normality Q–Q plot to test

for the normality of errors (Crawley 2002).

Species relationships with topographic complexity and E1

Fish species were classified in three groups: (1) including

common species and/or life phases that were observed in

[16 sites (17 species), (2) including uncommon species

and/or life phases that were observed in 5–16 sites and

therefore contained a substantial proportion of zeros in

their data sets (10 species) and (3) including extremely rare

Mar Biol (2011) 158:489–504 493
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species (i.e. 1 individual observed at no more than 4 sites)

for which no relationship with ISR or E1 could be tested (9

species).

(a) Common species For each of the common species,

simple linear regression models were fitted to test for the

relationships between (1) density and ISR, (2) density and

E1, (3) biomass and ISR and (4) biomass and E1. The

adequacy of the models was evaluated by examining (a) the

plot of residuals vs. fitted values to look for heterosced-

asticity and (b) the normality Q–Q plot and the Shapiro test

to assess the normality of errors (Faraway 2005). In cases

of non-constant variance, non-normality of errors or evi-

dence of non-linearity, the response variable was trans-

formed using either Hy, log (y) or log (y ? 1) as

appropriate. In the case of parrotfishes, adequate models

were fitted separately for juveniles, initial-phase (IP’s) and

terminal-phase (TP’s) individuals.

In cases where the relationship between variables could

not be adequately represented by a straight line and evi-

dence of non-linearity was found in the plot of the residuals

vs. the fitted values (Crawley 2002), one or more polyno-

mial terms were added to the linear model and retained

subject to their significance and the adequacy of the

model’s diagnostics (Faraway 2005). Because the addition

of polynomial terms causes collinearity among the mono-

mials and affects the accuracy of the regression models

severely (Shacham and Brauner 1997), ISR and E1 were

transformed in such cases using:

Nx ¼ Xi � Xmin

Xmax � Xmin

to yield values between 0 and 1 as recommended by Sha-

cham and Brauner (1997). Nx corresponded then to the

normalised value of ISR (NISR) or E1(NE1), X max was the

maximum value of ISR or E1, and Xmin was the minimum

value of ISR or E1 observed. A substantial reduction in the

variance inflation factor (VIF) of the monomials in the

model (i.e. 90%) indicated that collinearity was alleviated

(see Mason 1987; O’Brien 2007).

(b) Uncommon species Uncommon species were treated

as having skewed and zero-inflated datasets with an excess

of true zeros (Martin et al. 2005). The relationships of each

of these species with our two measurements of topographic

complexity were evaluated using ZANB or hurdle models

that involved two steps (see Zuur et al. 2009 for details).

First, the presence/absence of each species was modelled

separately as a function of ISR and E1 using logistic

regression and second, the abundance if present (total

number of individuals of each species per site) was mod-

elled separately as a function of ISR and E1 using negative

binomial general linear models (GLMs) with zero-truncated

Poisson distributions (Fletcher et al. 2005; Fletcher and

Faddy 2007; Zuur et al. 2009).

More than 100 parametric tests were conducted to assess

the relationships between pairs of variables for common

and uncommon species. Arguably, the significance of such

high number of multiple tests should be tested using a

Bonferroni-adjusted alpha value of 0.0003 (Šidák 1968;

Simes 1986). However, the interpretation of the signifi-

cance of tests using strictly adjusted a values has been

strongly contested as these reduce the probability of Type I

error only at the cost of inflating the probability of the

equally deleterious Type II error (see Rothman 1990;

Perneger 1998). Alpha adjustments are only recommended

when a study is concerned with ‘‘the universal null

hypothesis’’, when the same test is applied in different

subsamples without an a priori hypothesis that the primary

association should differ between these subsamples (Per-

neger 1998) or when sequential tests are conducted in the

same set of subjects (Perneger 1998; Garcia 2004). Alpha

adjustments were discarded in this study, and therefore,

significance of the relationships examined here was tested

using an alpha of 0.05 for a number of reasons. First, this

study was not concerned with testing that relationships

exist between all reef fish species and the measurements of

substrate complexity, and secondly because although we

applied the same test (linear regression) in a set of sub-

groups (life phases and stages), such tests were conducted

with a number of a priori hypothesis (see introduction).

Lastly, although sequential tests (effect of E1 and SRI)

were conducted in the same set of subjects (a group of fish

of the same species), we advocate that the interpretation of

each test in this study should not depend on the number of

other tests included in this paper (see Perneger 1998;

Garcia 2004).

Utility of RoxAnn’s E1 to predict patterns of fish

abundance

The minimum inter-site difference in fish abundance (den-

sity and biomass) that is detectable using RoxAnn’s E1 was

determined in 3 steps for an example species (i.e. TP

Sparisoma aurofrenatum) (Fig. 2). In step 1, a point ‘‘P1’’

along the regression line representing the relationship

between E1 (x axis) and density (or biomass) of TP S. au-

rofrenatum (y axis) was randomly selected. In step 2, the

location of a second point ‘‘P2’’ just outside the upper limit

established by the 95% confidence intervals of the regres-

sion line was determined. In step 3, the difference between

the values corresponding to P1 and P2 projected on the y axis

(density or biomass) was calculated and comprised the

minimum difference in fish density or biomass (DD or DB)

that can be detected between two sites of different E1 (DE1).
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The number of acoustic echoes (n) required to detect an

inter-site significant difference in E1 of size DE1 was

calculated using sample size power calculations for dif-

ferences between two independent means available in the

software G*Power (Faul et al. 2007). n was calculated by

setting the significance level to 0.05, the power to 0.80 and

the Cohen’s (1988) effect size measure (d) to a value cal-

culated as a function of the means of two of our survey

sites with a difference in mean of size DE1 (l1 and l2) and

their common standard deviation (r):

d ¼ l1 � l2

r

Results

Utility of E1 to predict topographic complexity

The ISR of our study sites was a relatively good predictor

of their E1 (Fig. 3). The high fit of the linear model

including polynomial terms (Linear regression, r2 = 0.66)

indicates that E1 could be used as a comparable proxy for

the topographic complexity of Caribbean reefs to that

obtained with widely used in situ methods.

Species relationships with topographic complexity

and E1

Nine of the species targeted within our censuses were very

rarely observed (i.e. 1 individual at no more than 4 sites),

and therefore, their relationship with ISR and E1 could not

be tested. These species were the large groupers: Epi-

nephelus striatus, E. adscensionis, Mycteroperca venenosa,

M. tigris, M. bonaci, the parrotfishes Scarus coelestinus,

S. vetula, S. taeniopterus and the Bermuda sea chub

(Kyphosus sectator).

Predicting the abundance of common species

The abundance of Chaetodon striatus, C. capistratus,

E. guttatus, Sparisoma chrysopterum, Cephalopholis fulva,

Ocyurus chrysurus and Holocentrus rufus was not signifi-

cantly correlated with ISR or E1. However, the density and

biomass of the remaining 10 common species found in our

study were significantly related to the ISR (Fig. 4). Sig-

nificant relationships occurred between E1 and both

abundance parameters of most of these species, but not

between E1 and the density of Haemulon plumierii or

between E1 and the biomass of Acanthurus coeruleus and

Stegastes partitus. The strongest relationships between

fish abundance and the ISR (Linear regression, r2 [ 0.60)

occurred in strongly territorial species (i.e. S. iserti,

S. planifrons, S. aurofrenatum and S. viride). The r2 values

indicated that the relationship between the abundance of a

species and the ISR was generally stronger than its rela-

tionship with E1. Usually, both measures of topographic

complexity had a relatively stronger effect (higher r2) on

the density than on biomass of the species observed.

The density and biomass of 5 species, namely A. coe-

ruleus, S. planifrons, S. viride, S. iserti and C. cruentata,

increased linearly as ISR increased (Online Resource 1).

Except for the biomass of A. coeruleus, both abundance

parameters of all these species also increased linearly with

E1 (Online Resource 1).

The density and biomass of the adults of H. flavoline-

atum, H. plumierii and adult S. partitus exhibited a hump-

shaped relationship with ISR such that it was relatively low
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Fig. 2 Example plot of a linear regression curve between the acoustic

roughness (E1) in the x axis and the fish density in the y axis. Steps 1

to 3 illustrate the procedure to determine the minimum difference that

has to exist between two sites in fish abundance (e.g. DD) for it to be

detected using RoxAnn’s E1. See methods for details
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Fig. 3 Relationship between in situ rugosity (ISR) measured with the

‘‘chain and tape’’ method and the acoustic roughness (E1) measured

with RoxAnn. Points represent the 25 sites surveyed on the forereef of

Glovers Atoll. Dashed lines indicate the 95% confidence intervals
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in less structurally complex reefs and reefs with the highest

ISR (Online Resource 1); the highest abundance of these

species occurred on reefs with intermediate ISR

(*1.6–1.7). However, only the abundance of S. partitus

responded in the same way to changes in E1 (Online

Resource 1). Interestingly, both the density and biomass of

H. flavolineatum and only biomass of H. plumierii

increased linearly with the E1 rather than with the qua-

dratic (hump-shaped) relationship found for ISR. Further,

E1 was not a significant predictor of the density of

H. plumierii (Online Resource 1).

The abundance of the Redband parrotfish S. aurofren-

atum increased steeply from flat reefs towards reefs with

low ISR (*1.4), remained relatively stable throughout

reefs of intermediate ISR (1.4–1.9) and increased again in

reefs with the highest ISR (Online Resource 1). The

response of S. aurofrenatum abundance to changes in E1

was slightly different. Biomass of S. aurofrenatum

Fig. 4 Strength of the

relationship (i.e. linear model’s

r2) a between density and ISR

(black bars) and between

density and E1 (grey bars) and

b between biomass and ISR

(black bars) and between

biomass and E1 (grey bars) for

ten species significantly

correlated with at least one of

these measurements of

topographic complexity. Note

that significance of the paired

relationships was assessed

without an adjustment for

multiple tests (i.e. when

a\ 0.05). Fish diagrams

reproduced from Humann and

Deloach (2000) with prior

publisher’s consent
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increased linearly with E1, whereas increases in its density

described a polynomial-shaped curve (Online Resource 1).

An unusual response to the increase of ISR and E1 was

the consistent linear decrease of A. bahianus in density and

biomass. Unlike most reef fish species, large numbers

of individuals, and consequently a higher biomass of

A. bahianus, were recorded in less structurally complex

reefs (Online Resource 1).

In the case of parrotfishes, the nature and strength of the

relationships between abundance and reef complexity dif-

fered among life phases. The abundance of juveniles of

S. iserti was strongly related with both ISR and E1 (Linear

regression, r2 = 0.43-0.89, Online Resource 2), whereas

juveniles of S. aurofrenatum were not as strongly affected

by reef complexity (Linear regression, r2 = 0.10–0.29,

Online Resource 2). Both density and biomass of terminal-

phase individuals (TP’s) of these 3 species of parrotfishes

increased linearly with ISR and E1, and these relationships

were strong (Linear regression, r2 = 0.44–0.86, Online

Resource 2). r2 values indicated that the relationships

between the initial-phase individuals (IP’s) and both mea-

surements of topographic complexity were generally

weaker than those of TP’s (Online Resource 2).

Both the abundance and biomass of the IP S. iserti

increased linearly with ISR and E1, whereas only the

density but not the biomass of IP S. viride increased line-

arly with ISR and E1 (Online Resource 2). Specific trends

of the abundance of IP S. aurofrenatum were virtually

identical to those described for the overall abundance of

this species. Both density and biomass increased in a steep

curve from flat reefs towards reefs with low ISR (*1.4),

density relatively stable throughout reefs of intermediate

ISR (1.4–1.9) and then increased again in reefs with the

highest ISR. Only the density of IP S. aurofrenatum was

also related to E1 (by a polynomial-shaped curve, Online

Resource 2).

Predicting the abundance of uncommon species

A total of 10 species of the families Acanthuridae, Poma-

centridae, Scaridae, Haemulidae, Lutjanidae and Chae-

todontidae were classified and analysed as being

uncommon in our study (Fig. 5). Additionally, some life

phases and stages of common species were uncommon

when counted separately. Such was the case of adult and

juvenile S. planifrons and juvenile S. viride.

The occurrence of A. chirurgus and C. ocellatus and

the abundance of these species (when present) were

unaffected by either measure of topographic complexity.

Both the occurrence and abundance (if present) of S. di-

encaeus, S. leucostictus, adult S. planifrons and Lutjanus

apodus were significantly and positively affected by ISR

(Fig. 5, Online Resource 3). E1 was a significant predictor

for the occurrence of all these species but was not sig-

nificantly related to the abundance (when present) of any

of them.

Fig. 5 Bar plot indicating those

uncommon species that were

significantly correlated with ISR

and/or E1 (upper clear bars)

and those that were unaffected

by ISR and/or E1 (lower grey
bars). Correlations were tested

using hurdle models, and their

significance was assessed

without an adjustment for

multiple tests (i.e. when

a\ 0.05) to access P values

please refer to Online Resource

3
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The occurrence but not the abundance of L. mahogoni,

S. atomarium, H. sciurus, juvenile S. viride and juvenile

S. planifrons was also significantly and positively related

to ISR. However, only the occurrence of L. mahogoni was

also related with E1 (Fig. 5 Online Resource 3). Con-

versely, the abundance but not the occurrence of S. adustus

and S. rubripinne was significantly and positively related to

ISR, but unaffected by E1.

Utility of E1 to predict patterns of fish abundance

Terminal-phase S. aurofrenatum held the strongest linear

relationships with E1 (density-r2 = 0.69; biomass-

r2 = 0.68) and therefore provided a simple example to

demonstrate the application of the models generated in this

study (Fig. 6). Using the RoxAnn’s E1, a minimum dif-

ference of 0.9 ind 200 m-2 and 116 g 200 m-2 could be

predicted for TP S. aurofrenatum (Fig. 6) between two

sites. Two sites were likely to support significantly differ-

ent densities of TP S. aurofrenatum if their differed at least

0.07 units in E1 and supported significantly different bio-

mass of the same species if they differed at least 0.05 units

in E1.

The standard deviation of E1 measurements in the for-

ereef of Glovers Atoll ranged between 0.03 and 0.11.

Therefore, it is recommended that under similar character-

istics, future studies aiming to detect significant inter-site

E1-differences which would reflect in significant inter-site

differences in fish density (DE1 = 0.07) and biomass

(DE1 = 0.05), count with a minimum of 16 and 19 Rox-

Ann’s echoes site-1, respectively.

The above may only be safely generalised for fish spe-

cies that hold strong relationships with E1 (r2 = 0.50).

Significant differences in fish density for a species holding

the weakest density–E1 relationship (i.e. Acanthurus

bahianus, r2 = 0.14) could only be detected between sites

that lied at opposite sides of the E1 spectrum

(DE1 = *0.3). Although in such cases, a small number of

echoes (i.e. n = 3) would suffice to detect inter-site dif-

ferences in E1 of enough significance to affect fish density,

results indicate that the capacity of E1 to predict differ-

ences in fish density among typical forereef habitats is

severely limited for species weakly correlated with E1.

Discussion

This study demonstrates that despite the differences in

scale between the in situ measurement of ISR and Rox-

Ann’s E1, the latter can be used as a reasonably good proxy

for the topographic complexity of Caribbean reefs. The

curvilinear shape of the relationship between ISR and E1

indicates that E1 could sense differences among reefs with

lower to intermediate topographic complexity and between

reefs with very low and very high topographic complexity

relatively easily. However, E1’s capacity to reflect the

differences among reefs with medium to high complexity is

rather limited. Such limitation may arise from the large

footprint over which E1 is measured on the bottom (typi-

cally at least 30 cm in diameter). Highly complex reefs

may differ subtly in their availability of small refuges or

other fine-scale attributes that fail to be detected by the

sonar.

We expected that the abundance or presence of most

reef fish species would be correlated with ISR. Fifty per-

cent of our species (10 common and 8 uncommon) had

significant relationships with ISR in forereef habitats of

Glovers Atoll (Figs. 4, 5). These included all the surveyed

species of damselfishes and grunts, 67% of the species of

surgeonfish and snappers, 56% of the species of parrotf-

ishes and one serranid species. Given the significant rela-

tionship observed between ISR and E1, we expected that

(a)

(b)

∇
∇

∇

∇

∇
∇

Fig. 6 Linear regression curves between a x: E1 vs. y: transformed

density of TP S. aurofrenatum (Ln (density ? 1)) and b x: E1 and y:

square root of biomass of TP S. aurofrenatum. Regression line fitted

in a is used to illustrate that the smallest difference in density of TP S.
aurofrenatum that can be predicted with E1 is 0.9 ind 200 m-2 and

would occur in sites that are 0.07 units of E1 different from each

other. b The smallest difference in biomass of TP S. aurofrenatum
that can be predicted with E1 is 116 g 200 m-2 and would occur in

sites that are 0.05 units of E1 different from each other
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those species that were significantly correlated with ISR

would also be significantly affected by E1. However, the

significant relationship of a species with ISR did not

always imply a significant relationship with E1 (Figs. 4, 5).

E1 was a significant predictor of the abundance patterns for

all of the common species affected by ISR, but only for

50% of the uncommon species affected by ISR. Such

results indicate that the utility of E1 to predict fish abun-

dance may be limited to common species. The utility of

RoxAnn’s E1 could be enhanced if it could yield abun-

dance predictions for rare species, because these are often

the focus of management strategies and species recovery

plans. This may be achieved in future studies if the

detection of rare species is maximised using alternative fish

survey methods such as timed swims or census within

larger areas of reef.

Fish families included in our surveys held close rela-

tionships with the substratum for a number of reasons.

Nocturnal foragers such as Haemulids and Lutjanids use

physical refuges during the day (Ehrlich 1975; Burke 1995;

Ménard et al. 2008), whereas individuals of those families

that are active during the day such as Scaridae, Acanthu-

ridae and Pomacentridae seek refuges during the night

(Robertson and Sheldon 1979). Some are prominent sta-

tionary predators that spend a large amount of time hiding

in refuges such as Serranidae (Shpigel and Fishelson 1991).

And among these, families of grazers (i.e. Scaridae,

Acanthuridae and Pomacentridae) also hold permanent

territories and/or feed on the bottom continuously and

intensively (Robertson et al. 1976; Thresher 1976; Mumby

and Wabnitz 2002).

Furthermore, given that it has been suggested that the

strongest relationships between fish and topographic com-

plexity may occur in those species that have smaller home

ranges or territories and/or are more vulnerable to predation

due to their small body size (Roberts and Ormond 1987;

Choat and Bellwood 1991; Mumby and Wabnitz 2002), we

expected this to be the case in our study. The fact that

Scarus iserti and Stegastes planifrons held the strongest

relationships with ISR (Linear regression, r2 = 0.93 and

0.73, Fig. 4) was consistent with our expectations. Both

these grazing species are small bodied. S. iserti has the

smallest territory size among species of parrotfish (i.e.

41–120 m2) (Mumby and Wabnitz 2002), and territories of

S. planifrons are only about a meter in diameter (Hixon

1996) or 0.25 m3 (Luckhurst and Luckhurst 1978b).

Moreover, the relationships of other small territorial species

with ISR were significant despite them being relatively

uncommon (i.e. Sparisoma atomarium, S. diencaeus and

S. leucostictus) (Fig. 5).

Because individual fish are likely to utilise the habitat

characteristics on a scale proportional to their home range

or foraging area (Roberts and Ormond 1987), it seemed

reasonable to expect that the larger-scale measure of

topographic complexity E1 would be a stronger predictor

of the abundance of species with larger home ranges,

whereas ISR will be a stronger predictor for site-attached

species or species with smaller home ranges or territories.

However, ISR was always a stronger predictor than E1 for

all species except for TP S. aurofrenatum and C. cruentata.

S. aurofrenatum did not have particularly large home

ranges or territory sizes compared to other parrotfish spe-

cies in Glovers Atoll or in other Caribbean areas (Muñoz

and Motta 2000; Mumby and Wabnitz 2002), whereas

the mean home range of C. cruentata was 2,120 m2 in

St. Lucia (Popple and Hunte 2005). The fact that S. auro-

frenatum and C. cruentata held the strongest relationships

with the large-scale E1 suggests that these species may be

affected by the presence of attributes of the topographic

complexity such as mounds or gullies that are not captured

with a 4-m chain but may be captured within the footprint

of a RoxAnn echo. Our results agree with observations by

Pittman et al. (2009) who found that groupers, piscivores

and specifically C. cruentata seemed to respond to topo-

graphic complexity at relatively broader spatial scales in La

Parguera (Puerto Rico).

The size or the site attachment of a species alone did not

seem to play a primary role in determining the strength of

its relationship with topographic complexity. A number of

small-bodied species, some of which are known to be

highly site attached such as Holocentrus rufus (Luckhurst

and Luckhurst 1978b; Chapman and Kramer 2000) or with

at least some individuals holding territories such as

Chaetodon capistratus, C. ocellatus and C. striatus (Gore

1983; Bonaldo et al. 2005), were unaffected by ISR. The

lack of a relationship between abundance and ISR also

occurred with the juveniles of the highly site-attached

S. partitus. Two possible reasons may account for the lack

of a relationship between the abundance of these small site-

attached species and ISR. In some cases, abundance may

be determined by aspects of the topographic complexity

that are inadequately reflected by the ISR. Despite it being

a commonly used method, the ‘‘chain and tape’’ method

provides a measure of the vertical relief but fails to provide

important information such as the number, size and dis-

tribution of holes and crevices. The number and diversity

of shapes and sizes of holes plays an important role in

determining the species richness and abundance of some

families of fish (respectively) (Roberts and Ormond 1987).

Similarly, the availability of holes matching the size of

individual fish are key determinants of a species’ choice for

refuges (Robertson and Sheldon 1979; Hixon and Beets

1993). A larger number of refuges matching the shape and

size of some of the small species or juveniles may not

necessarily occur in the most topographically complex

reefs. The lack of relationships between abundance and
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ISR may also have occurred because of an overriding

influence of other demographic processes such larval sup-

ply, predator abundance, food availability and interspecific

competition. The distribution and abundance of Chaeto-

dontids for example may be more strongly affected by the

abundance of their preferred food resources (i.e. the

octocorals Gorgonia ventalina and G. flabellum, and Zoan-

thus) (Gore 1983; Bonaldo et al. 2005) than by the avail-

ability of refuge holes. Moreover, the need for physical

refuges may not only be a consequence of restricted home

ranges or site attachment but of the species’ behaviour in

response to predator attacks. When threatened Caribbean

Chaetodontids have been observed to undertake a flight

response, swimming long distances, rather than seeking

shelter (Clarke 1977), which may explain why shelter does

not seem to be of prime importance to certain species (Gore

1983).

Not all species that were significantly correlated with

substrate complexity increased linearly with ISR and E1.

The abundance of some species seemed to be favoured by

attributes of low or intermediate-complexity reefs (see

Online Resources 1, 2). Surprisingly, the density and bio-

mass of the ocean surgeonfish Acanthurus bahianus

decreased linearly with increasing ISR and E1. Our results

contrast with findings of Gratwicke and Speight (2005a)

which indicate that A. bahianus was characteristic of highly

rugose sites in Tortola. Ocean surgeonfishes differ from

other species of surgeonfish in that they consume large

amounts of inorganic sediment along with algal material

(Randall 1967), though their distribution has been reported

to follow the availability of algae (Longley and Hildebrand

1941). It is possible that the daily abundance of A. bahi-

anus at the forereef of Glovers Atoll was determined by the

presence of inorganic sediment on algal turfs which tends

to occur on or in the proximity of less rugose reefs (pers

obs). In fact, high levels of wave-induced resuspension of

sediments are likely to contribute to the low structural

complexity at some sites on the forereef of Glovers Atoll,

because the presence of sediments can inhibit coral set-

tlement (Birrell et al. 2005). Furthermore, by schooling,

A. bahianus gains the necessary protection from predators

that allows it to utilise such low complexity habitats (Wolf

1987). Finding appropriate refuges for the night might be

possible for A. bahianus because it has a documented

ability to travel long distances (Chapman and Kramer

2000). Haemulon flavolineatum, H. plumierii and adult

S. partitus appeared to have reached a maximum density

and/or biomass in reefs of intermediate ISR. For these

grunts, such observation is consistent with findings of

Gratwicke and Speight (2005b) who found these species to

be characteristic species of moderately complex reefs.

Interestingly among the observed parrotfish species,

only S. aurofrenatum exhibited a curvilinear relationship

with ISR, starting with a rapid increase in density and

biomass from low to medium complexity (*1.4). This

relationship was driven by the IP individuals because TP’s

increased linearly in density with ISR. Why females exhibit

this pattern and not TP (males) is unclear, as is the reason

why it occurs only in this species of parrotfish, considering

that all parrotfish species exhibit territoriality at Glovers

Atoll (Mumby and Wabnitz 2002).

In this study, the significance of [100 fish abundance–

rugosity relationships was assessed without a Bonferroni

alpha adjustment. We chose not to conduct a Bonferroni

alpha adjustment in the light of the reported inconsistencies

of this procedure (see Perneger 1998) and aiming to avoid

the Type II error. Diminishing the chances of incurring in a

Type II error is imperative in this study because fish census

data are notoriously imprecise (Andrew and Mapstone

1987), and the ample inter-census variability often impairs

the detection of significant patterns or relationships.

Arguably, the proportion of reef fish species that are sig-

nificantly correlated with ISR and E1 was possibly over-

estimated from our data analysis, because of the feasibility

of Type I errors given repeated testing. Such overestima-

tion was not serious for common species given that 85% of

the significant results at an alpha of 0.05 were significant at

a smaller alpha of 0.01. A more serious overestimation

could have been made when analysing the relationships of

uncommon species with topographic complexity because

only 25% of significant results at an alpha of 0.05 were also

significant at an alpha of 0.01.

Utility of RoxAnn’s E1 to predict spatial patterns

of ISR

Interestingly, only a few studies have explored the rela-

tionship between the remotely sensed rugosity and the in situ

rugosity determined with manual methods (i.e. Kuffner et al.

2007; Wedding et al. 2008; Pittman et al. 2009; Walker et al.

2009). The relatively strong fit we obtained when modelling

the relationship between ISR and E1 (Linear regression,

r2 = 0.66) highlights the value of the RoxAnn system as a

tool to measure and predict patterns of topographic com-

plexity over large scales in Caribbean reefs and was com-

parable to that found by Wedding et al. (2008) between the

ISR and the Lidar rugosity determined at a 4-m grid size in

Hawaii (r2 = 0.61). The strength of the RoxAnn’s E1–ISR

relationship was considerably higher than that found

between the Lidar rugosity and ISR in La Parguera

(r2 = 0.31) (Pittman et al. 2009), in Biscayne National Park

(r2 = 0.15) (Kuffner et al. 2007) and in Broward County

reef (r2 = 0.19) (Walker et al. 2009). Findings of Kuffner

et al. (2007) indicate that the utility of Lidar rugosity to

predict the patterns of reef complexity can be hindered by

the choice of study environment. In patch reef areas, Lidar
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rugosity was strongly correlated with distance from the edge

of the patch reef rather than with topographic complexity.

Moreover, inter-patch reef variability in the Biscayne Nat-

ural Park was responsible for most of the variability of

species richness and diversity rather than the manually or

remotely sensed rugosity (Kuffner et al. 2007). Although

this remains untested, we can anticipate that the utility of

RoxAnn to predict the patterns of ISR could also decline

considerably if in hind sight the variability among survey

sites is likely to be a strong determinant of the patterns of

habitat structure and fish community.

Utility of RoxAnn’s E1 to predict patterns of fish

abundance

Relatively few studies have examined the relationship

between attributes of fish communities and measures of

topographic complexity derived from remote sensing tools

(see Mellin et al. 2009 for a review). As a result, sites of

high fish species richness were identified in the US Virgin

Islands using GIS and a spatial layer representing fine-scale

topographic complexity differences among habitat types

(Pittman et al. 2007). Spatial patterns of species richness and

total fish abundance were predicted in the Diego Garcia

Atoll (Chagos Archipelago) using the rugosity determined

with DEMs derived from an IKONOS image (Purkis et al.

2008), and the same variables were predicted in Oahu

(Hawaii) using Lidar rugosity derived at a 25-m grid size

(Wedding et al. 2008). Lidar rugosity also proved to be

useful when predicting patterns of abundance at a species

level by correlating strongly with the density and biomass of

Stegastes planifrons in La Parguera (Puerto Rico) (Pittman

et al. 2009). However, Lidar rugosity was relatively less

strongly related with species richness (Kuffner et al. 2007)

and with both species richness and abundance (Walker et al.

2009) in other areas of the Wider Caribbean.

In most species, both ISR and E1 had stronger rela-

tionships with fish density than with biomass. It is possible

that such measurements of topographic complexity con-

veyed more information on the aspects of rugosity that

affect fish density (e.g. reef surface area and availability of

refuges) than on those that control fish size spectrum and

therefore biomass (size of the refuges, availability of ref-

uges of different sizes).

When considering the abundance parameters of

uncommon species: presence and abundance when present,

the latter was uncorrelated with E1 even when it correlated

significantly with ISR. It is unclear why this lack of rela-

tionship occurred and it was observed indistinctively in

small as well as in relatively large fish species. In future

studies, the use of presence instead of abundance when

present is recommended for similar objectives with

uncommon species.

By assessing the relationships between RoxAnn’s E1

and the occurrence, density and biomass of fish at the

species and life-phase level, our study explored the ability

of acoustic remote sensing to predict the spatial patterns of

fish abundance at a finer level of detail than previously

investigated. Our study demonstrated that RoxAnn’s E1 is

a significant predictor of the abundance of 15 common

species and presence of 4 uncommon reef fish species in the

Caribbean. E1 was a relatively stronger predictor of the

abundance of parrotfishes in general but also for Stegastes

planifrons and Cephalopholis cruentata (r2 [ 0.40) and

weaker but also useful for certain species of surgeonfish,

damselfish, grunts and snappers.

For S. aurofrenatum, a species that was strongly related

with E1, small differences in E1 between sites (i.e. 0.07)

resulted in subtle but significant differences in abundance

of TP individuals (i.e. of minimum 1 individual 200 m-2 or

116 g 200 m-2). It is necessary to count with a minimum

of 16–19 RoxAnn echoes per site to detect significant

differences in the density and biomass of species that are

highly sensitive to topographic complexity. Detecting dif-

ferences in fish abundance between sites that are only

subtly different in E1 may prove challenging if possible for

species that hold weak relationships with E1.

Because the quality of the RoxAnn’s signal is affected

by the movements of the boat during data acquisition and

several echoes need to be eliminated during the filtration of

data, in general a larger number of echoes (i.e. 50 per site)

should be collected or even a larger number (i.e. *100) if

high swell conditions occur. Given that the collection of

RoxAnn data along a *1.3 miles stretch of the forereef of

Glovers Atoll took 4 days and data processing could be

completed within a few hours, its unlikely that collecting

up to 100 RoxAnn pings site-1 would cause a significant

increase in data collection and processing times.

In our study, the Furuno FCV-600L was operated with a

pulse repetition rate of approximately 1,300–1,400 pulses

min-1. However, RoxAnn recorded data every 2–5 m and

then averaged sets of 40–80 pulses to obtain 1 echo return

(E1 value). In these conditions, approximately *10 echoes

could be collected in the immediate vicinity of each fish

survey site. Therefore, it was justifiable to collect several

more echoes from surrounding areas with a similar spectral

signature. However, for future studies, it is recommended

to adjust the depth range of the echosounder to obtain

maximum pings per second.

In this particular study, IKONOS data were required to

assist the collection of large numbers of acoustic echoes

per site. Future studies aiming to use RoxAnn data to

examine spatial patterns of reef rugosity and the correlation

of E1 with the fish community may use an IKONOS image

or the interpolation of acoustic data to extrapolate acoustic

roughness to broader regions. However, such procedures
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are unlikely to be required if the recommended minimum

number of acoustic pings is collected per site.

Conclusions

The results of our study highlight the utility of a relatively

cost-effective acoustic instrument (see White et al. 2003) to

predict the variations of topographic complexity and fish

abundance within a typical Caribbean coral reef. The use of

higher-resolution airborne instruments such as Lidar, or the

use of IKONOS-derived DEMs (see Purkis et al. 2008;

Wedding et al. 2008; Pittman et al. 2009), may result in

similarly useful spatial predictions of fish abundance.

However, the acquisition of Lidar data is expensive and

takes considerable processing time (Joyce et al. 2009).

Moreover, although high-resolution DEM’s can be obtained

even in the absence of Lidar data, DEM creation software is

not standard in image processing packages, therefore

implying extra costs (Joyce et al. 2009). Contrastingly, the

present study demonstrates that RoxAnn is a viable instru-

ment to predict the spatial patterns of abundance at a fish

species level, at the cost of very simple data processing

steps (i.e. filtration and standardisation of E1 data).
Models predicting species-specific spatial patterns of

density and biomass facilitate mapping functional attributes

of fish populations rather than aggregate attributes of fish

communities. Accurate predictions of species richness and

diversity (Kuffner et al. 2007; Pittman et al. 2007) have

provided tools to aid the design of marine-protected areas

sensible to fish richness and diversity. We show that the

density of some functionally and commercially important

species (e.g. large-bodied parrotfishes and small groupers,

respectively) can also be mapped using acoustic remote

sensing. We anticipate that such maps will contribute towards

the generation of GIS datasets representing the potential

resilience of reefs (Mumby et al. 2007b) and their commercial

value to fisheries or tourism. Such maps may then be inte-

grated with other relevant physical, biological, social and

economic datasets to help identify appropriate zoning for

multiple uses and conservation of the coastal zone.
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